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Abstract

®

CrossMark

We propose a method for monitoring the large-scale homogeneity of the reduction process

of graphene oxide. For this purpose, a Raman mapping technique is employed to probe the
evolution of the phonon properties of two different graphene oxide (GO) thin films upon
controllable thermal reduction. The reduction of GO is reflected by the upshift of the statistical
distribution of the relative intensity ratio of the G and D peaks (Ip/lg) of the Raman spectra
and is consistent with the ratio obtained for chemically reduced GO. In addition, the shifts of
the position distributions of the main Raman modes (wp, wg) and their cross-correlation with
the Ip/lg ratio provides evidence of a change of the doping level, demonstrating the influence

of reduction processes on GO films.

Keywords: graphene oxide, reduced graphene oxide, Raman spectroscopy, reduction process

monitoring

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene oxide (GO) is a carbon-based material containing
a hexagonal-like structure with both sp? and sp® hybrid-
ization and enriched by many different functional groups
(mainly oxygen). GO is synthesized by an oxidation process
of graphite using variations of basic methods such as those of
Staudenmaier, Hofmann, Brodie and Hummers [1]. GO has
properties very different from those of pristine graphene due
to the disrupted sp? bonds. However, it is possible to restore
the 7m-network structure employing reduction reactions. Thus,
GO is very often used as a starting point for production of
graphene flakes or reduced graphene oxide (rGO) flakes [2].
The oxidation level (sp” to sp? ratio, oxygen to carbon con-
tent) of GO or 1GO strongly influences the electronic, optical
and chemical properties, and it is crucial for their applications.
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For example, GO is an insulator but rGO is a good conductor
[3], and the optical absorption of rGO resembles that of gra-
phene, in contrast to GO [4]. All these properties can be tuned
by controlling the oxidation level of graphene oxide, especially
by the reduction process, thus allowing for many types of prac-
tical applications. Depending on the oxidation level, a graphene
oxide can be used for biosensing or drug delivery platforms [5,
6], energy or hydrogen storage [7, 8], solar cell unit cells [9],
transparent electrodes [10] or water filtration technology [11].

To determine whether graphene oxide can be used in any of
these applications the oxidation level or the effectiveness of
the reduction process must be known, and thus the quality
of the obtained material. Raman spectroscopy is a powerful
technique for this purpose that has already been widely used
to study the properties of carbon nanostructures including gra-
phene [12], GO and rGO [13].

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Single Raman spectra of graphene oxide (sample

A) taken at two places on the sample indicating significantly
different /p/lg ratios. The reduced GO spectrum is also shown for
comparison. (b) Histograms of the Ip/lg ratio with a mean value of
1.19 extracted from a Raman map on the sample shown in the inset
(GO film diameter is ~1 cm). The histogram is fit with a Gaussian
line with width at half maximum of ~0.12.

The Raman technique has been used, for instance, to
monitor the evolution of the structure of graphite oxide upon
thermal reduction [14, 15], to show how the reduction process
modifies the electrical conductivity of the GO thin films [16],
and to demonstrate the ‘repair of defects’ effect in rGO films
upon proper graphitization [17]. A Raman study relies on an
analysis of the main Raman peaks in the spectra of graphene
material (D, G and 2D), their position, width and especially
the relative intensity ratio—/Ip/Ig (an increase in Ip/lg reflects
a reduction of the oxidation level [15]).

The G band in the Raman spectra corresponds to sp?
hybridized carbon-based material [18]. The D peak is related
to defects or lattice disorder due to oxygen-functional group
binding [12, 19]. The intensity of the D band is associated
with the size of the sp2 in-plane domains, and thus increases
for rGO [18], which can be seen in figure 1(a) (black curve
versus blue curve—GO versus rGO). According to the litera-
ture [17, 20] our GO samples are in the regime (classified as
nanocrystalline graphene stage) where the mean defects dis-
tance L, is low (~10nm).

Of note in the literature is that the Ip/l ratio used to iden-
tify GO and rGO in Raman spectroscopy is in a wide range
of 0.67-1.4 and 0.91-1.9, respectively [17, 21-34](see also
table 1), which often makes the comparison of graphene mat-
erials difficult, and needs to be carefully considered. The ratio
might also depend on the laser wavelength used in the Raman
study (see table 1). Additionally, quite often, only single point
measurement spectra are taken and are used to identify GO or
rGO [24, 35], which could introduce additional uncertainty in
Ip/l; peak intensity ratio. This suggests that a statistical anal-
ysis of the quality of graphene oxide materials using Raman
spectroscopy is needed.

In this work, we propose an approach based on Raman
mapping for statistical analysis of Raman features obtained
from large area GO and rGO thin films. This approach gives
global and reliable information about the homogeneity of the
oxidation level, and the quality or purity of GO/rGO material.
We demonstrate that using histograms of I/l and other peak
parameter correlations (both produced from Raman maps),
one can monitor the changes during gradual thermal reduction
of GO. In addition, statistical cross-correlation of peak param-
eters (Ip/lg versus peaks position) shows the evident influence
of changes in the doping level of GO on the reduction process.

2. Results and discussion

The graphene oxide material used in this work was acquired
from two different commercial sources (Nanomaterials LS,
Poland, and Graphenea, Spain), which for simplicity we call
provider A and B, respectively. In both cases, GO was pre-
pared via the modified Hummers method (according to the
manufacturer’s specification). In addition, GO obtained from
Nanomaterials LS was reduced with hydrazine [36] and it
was further used as a reference for other samples. All samples
were prepared in the same way, via drop casting of deionized
water based solution with 2mg ml~! of graphene material. A
solution of graphene material was left to dry on the substrate
(Si/S10») at room temperature, forming thin films of GO or
rGO. The thickness and the size of the films were the same
(verified by AFM, data not shown).

Raman spectra were collected using a Renishaw inVia
spectrometer with a 514nm laser source and an x50 micro-
scope objective (laser spot ~2 pm). The experiment was con-
ducted at room temperature. To avoid heating of the sample,
the laser power was kept low (<0.3 mW, calibrated on the sam-
ples). The Raman mapping mode was used with a scan area of
approximately 50 pm x 50 pm, containing 250 spectra. Each
spectrum (figure 1(a)), consisting of two main bands, a G
band (~1600cm™!) and a D band (~1350cm™"), was fit using
a Lorentzian line shape. The parameters obtained from the fit-
ting procedure (relative intensity, position and width) for each
peak of a given map were afterwards presented as a histogram.
The resolution of peak position determination was ~0.5cm .

First, we demonstrated the difference between single point
spectra and a statistical Raman map, and the consequences
this has on results interpretation, using the following example.
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Table 1. Comparison of selected Raman peak intensity ratios (/p/lg) for GO and rGO obtained for different excitation laser wavelengths.
All GO samples have been prepared via the modified Hummers method and for rGO different methods have been applied.

Intensity ratio (Ip/lg)

A (nm) GO rGO Reduction method

Chang [21] 458 0.67 — —

Kim [22] — 0.86 — —

Konios [23] — 0.90 1.10 Chemical

Dai [24] — 0.91 0.91/0.95 Photocatalytic

Wu [25] 532 0.95 — —

Rajagopalan [26] 633 1.1 — —

Shao [27] 515 1.00 1.42 NH,OH

Kim [28] — 1.09 0.98/1.02/1.13 Plasma exposure

Kaniyoor [29] 532 1.10 — —

Matsumoto [30] 532 1.12 0,98 Photoreduction H,
0.96/1.02 Photoreduction H»/N,
1.20 Hydrazine hydrate

Eigler [31] 532 1.14/1.19 1.28/2.70 Hydrazine hydrate

Chen [32] 633 1.16 1.30/1.44 H,SO4/MnCl,/NaBH4/AICl;
1.47/1.48

This work 514 1.21/1.29 1.43 Hydrazine hydrate
1.33 > 1.50 Temperature

Fu [33] 514 1.37 1.15 Temperature

Boutchich [34] 532 1.40 1.55 Microorganisms
1.60 UV photocatalysis
1.90 Hydrazine hydrate

Rozada [17] 532 1.83

Figure 1(a) shows two Raman spectra (red curves) of GO col-
lected (within one map) in a randomly chosen area of the sample
(see inset of figure 1(b)). The value of the relative intensity Ip/Ig
for both spectra are quite different (1.38 versus 1.07), even
though the spectra were collected only a dozen micrometers
from each other. This may suggest the interpretation that our
graphene oxide film is not uniform or that more rGO than GO
is present at one point. In both cases, the global interpretation is
not clear. However, if we consider the entire map (250 spectra,
red area marked on the sample, in the inset picture) and look at
the distribution of the Ip/Ig ratio (histogram in figure 1(b)) we
see that both values considered as a single spectrum are here the
extreme values of one distribution, and the mean value is 1.19.
We note that, if we collect another map from another part of
the sample, the corresponding histogram of the Ip/Ig ratio has
a very similar distribution. The above example shows that the
level of homogeneity of our graphene oxide sample is not high,
and suggests that the mean value of the histogram is a more
reliable representation of the general condition of the sample
compared to a single spectral measurement. Consequently, this
approach can be used to study the homogeneity of any GO/rGO
samples, which would be reflected in a much different histo-
gram distribution (mean value, and FWHM).

Now we consider the possibility of using the Raman map-
ping method to monitor the structure evolution from gra-
phene oxide to reduced graphene oxide. In this work, we use
thermal annealing to conduct the reduction process. Most
of the functional groups (attached to the graphene surface)
can be removed upon thermal heating [37]. To demonstrate
the change in the GO structure (sample A) upon heating, we

took an untreated sample (represented by the red histogram
in figure 2(a), Ip/lg = 1.21) and kept it in an oven at 100 °C
(in ambient atmosphere and pressure) for 72h. Every 24 h the
sample was removed from the oven (for max. 1h) and Raman
spectra were collected. As seen in figure 2(a), the first heating
period caused a shift of the Ip/Ig ratio from 1.21 to 1.33, as
expected (due to the thermal removal of functional groups).
This effect is consistent with the literature [35]. Subsequent
heating periods caused a further but less significant shift of the
ratio (up to 1.37). Therefore, the most intense reduction pro-
cess occurred within the first 24 h. We note that the magnitude
of the shift depends on the temperature and heating time, as
demonstrated previously [38], but we do not discuss this issue
in this work. Here, we have shown that thermal reduction of
GO and its effectiveness can be easily controlled by statistical
Raman mapping.

The increase of the intensity ratio Ip/lg is related to the
decrease of the crystalline domain size L, (here, from 3.64 nm
to 3.07nm according to [18] and considering obtained ratio
values). This effect is due to the increased disorder structure
introduced by the reduction process.

The same graphene oxide material used in the annealing
process was also subjected to the reduction process using
hydrazine, which is very common way to obtain rGO [36].
We use hydrazine reduced GO as a benchmark for thermally
reduced graphene in the Raman study, and the histogram
of the Ip/lg ratio corresponding to this sample is shown in
figure 2(a) (in blue). The mean value of the histogram (from
a Gaussian fit) is 1.43, which is only slightly more than that
of the thermally reduced GO sample (1.38). This shows that
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Figure 2. (a) Evolution of the I/l ratio of GO upon thermal
reduction for sample A. Red histogram (mean 1.21, o ~ 0.1) is the
reference data obtained for the unheated sample. For comparison,
the blue histogram (1.43) comes from GO reduced by hydrazine.
(b) The I/l ratio of GO upon thermal reduction for sample B. The
solid lines in all histograms correspond to a Gaussian fit to the data.

the thermal reduction process can be as efficient as chemical
reduction (hydrazine) and can be seen in Raman signatures.

We further validated the Raman statistical analysis of gra-
phene oxide using the material from sample B (Graphenea).
The corresponding histogram of the Ip/lg ratio is shown
in figure 2(b), with a mean value of 1.29 that is reproduc-
ible within the sample (data not shown). Note that the ini-
tial value is slightly bigger than that of the sample A sample,
suggesting a slight difference in structure between samples.
Next, the material was subjected to thermal reduction under
identical conditions as before. There are significant changes
in the results compared to data shown in figure 2(a). First,
after 24h of annealing, the shift of the Ip/lg ratio is much
bigger (1.29 — 1.49) suggesting that the reduction process for
this material is much faster. Second, the subsequent heating
periods have no effect on further reduction of GO (Ip//g is not
changed). This is probably due to the relatively low temper-
ature (100 °C) used for thermal annealing. The increased
temperature could speed up the process and also cause it more
effective within given time.

The other parameters of the Raman spectra that are sensi-
tive to the structure of graphene oxide are the positions of the
D and G bands. The histograms of those parameters (wp and
wg) for both types of GO samples subjected to thermal reduc-
tion (discussed in figure 2) are plotted in figure 3. For both GO
samples similar trends in shifts as a function of the reduction
level are observed. The position of the G peak shifts towards
higher energy (hwp ), but the shift is less pronounced for the
sample A. The position of the D band shifts towards lower
energy. Additionally, for comparison, the wp and wg param-
eters for GO reduced with hydrazine are shown in figures 3(a)
and (b) and are consistent with parameter evolution during
thermal reduction.

The G peak position change is related to structural disorder
[17] and more often to doping [39, 40]. The position of G
increases for both electron and hole doping (due to the non-
adiabatic removal of the Kohn anomaly [41]). The reduction
process (thermal or wet) removed the oxygen groups, causing
an increase in the doping level [40], which is manifested by
the stiffening of the G mode position (seen in figures 3(a) and
(c)). The level of doping also strongly influences the D peak
position [40, 42, 43]. The increase of electron doping caused
a downshift of the peak position, which can be observed in
figures 3(b) and (d). Additionally, we can exclude the stress/
tension effect upon heating/cooling as a primary contribution
for peak shifts because samples were treated at relatively low
temperature and several series of samples have been prepared
showing no difference with respect to the given thermal reduc-
tion stage.

Finally, we show the cross-correlation of the Ip/lg ratio
versus the G peak position for two different GO mat-
erial sources. The corresponding scatter plots are shown
in figure 4, where the dotted lines are a visual guide for
showing the doping trend changes during the reduction pro-
cess and compared with the hydrazine reduced GO (only
for provider A, circle blue dots). Figures 4(a) and (b) show
that trends of the Ip/I ratio with respect to wg and wp posi-
tions for both types of samples are consistent with the data
shown in figures 2 and 3 (increase of the ratio for wg upshift
and wp downshift), and reflect the change in the doping
level upon functional group removal due to the reduction
process. In addition, this correlation agrees with the study
of defected graphene as a function of doping demonstrated
by Bruno et al [40]. Another indication of doping change
is a clear correlation between the G mode width decrease
and the shift of its position to higher energy (figures 4(c)
and (d)) which is a result of variation in electron concen-
tration in the graphene structure. A similar effect has been
observed for single layer graphene [44—46] and for carbon
nanotubes [47]. Finally, the relation of the two main peak
positions (wp, wg, figures 4(e) and (f)) are correlated with
histograms for different reduction process steps (shown in
figures 2 and 3) and evidently shows trends upon change of
doping [48, 49].
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Figure 3. Raman peak position distributions (with mean values indicated) as a function of the thermal reduction process for (a) the G peak
and (b) the D peak, for sample A. For comparison, hydrazine-reduced rGO is shown (blue histogram). (c) The histogram of G peak and (d)
D peak positions for sample B. Arrows show the direction of peak shifts upon reduction. The solid lines correspond to a Gaussian fit to the

data.

Sample A Sample B
(a) v GO (b)4 1.6
24h
48h
+ 72h
» GO
414
1 ! . 1 . q1.2
. (d)4 90
Y
i
M L A v
L v
— . i ‘.
o) o0 | ‘IReductlon process \ 80
= ) a° .
I L] X
=
[
70 | ™
. &, 70
“
1350 i L L 1 ‘ i L
1359
1355
e e
2
2 " .\IRaductlon process 1356
N 0 2%
13501 .
L
-\"‘{
L L * ‘. L 1 1 = 1353
1588 1582 1598 1600 1596 1599
®g [em™] @y fem™]
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position, both for GO samples (provider A) upon thermal reduction.
Similarly, for provider B, the Ip/Ig ratio versus (c) G peak position
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trend changes.

3. Conclusions

In conclusion, we have performed a systematic and statistical
study of the phonon behavior of graphene oxide and reduced
graphene oxide thin films with the Raman mapping technique.
We showed that for proper determination of the uniformity of
the GO material, a statistical analysis of the Ip/Ig ratio should
be used. Importantly, the I/l ratio can be used to monitor
the reduction process that results in functional group removal
and thus changes the doping level. The statistical position of
the D and G modes, and their cross-correlation with the Ip/lg
ratio also show the evidence of change in the reduction level
of GO/rGO films.
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