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Abstract
In this work, a comparative study of the different graphene oxide reduction strategies to produce reduced graphene oxide are discussed. Firstly, the optimization of the well-known oxidation route reported in literature (Improved
Hummers Method) to obtain graphite oxide was carried out. Subsequently, different sets of reduced graphene oxide powders were synthesized through three different reduction routes: chemical, thermal and multiphase methods in order to
obtain the most effective reduction strategy. Samples were analyzed by Raman spectroscopy, SEM, FTIR, elemental analysis, X-ray Diffraction and TGA. It was demonstrated that multiphase reduction method, e.g. combination of more
than one reduction route, specifically, thermal and chemical ones, allowed to enhance the effectiveness for the removal of the oxygen functional groups. A mild thermal treatment followed by a chemical reduction of graphene oxide using
ascorbic acid as reducing agent, showed that the 47% of oxygen functional groups was reduced. This manuscript demonstrates that the amount of oxygen functional groups in the reduced graphene oxide structure is highly dependent on
the reduction strategy. These amount of oxygen functional groups could directly affect the use of reduced graphene oxide in the different potential applications proposed in bibliography.
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1 Introduction
Graphene is a two-dimensional (2D) carbon allotrope with a honey-comb lattice shape in which each carbon atom forms one vertex [1]. Since its discovery in 2004, graphene has been attracted the attention of researchers due to its
extraordinary properties and its potential applications [2]. The large variety of methods to synthesize graphene, such as mechanical exfoliation process and cleavage [3], chemical vapor deposition (CVD) [4] or chemical reduction of graphene oxide [5],
can be grouped in two different approaches: Bottom-Up or Top Down. Bottom-Up approach consists on the synthesis of graphene starting with carbon atoms or molecules and build up to graphene deposited over a substrate. On the other hand, in the
Top Down approach, a pattern generated on a large scale (graphite) is reduced to graphene [6]. Graphite is the most known raw material used in the Top Down approach to synthesize reduced graphene oxide or powder graphene. Graphite oxide is
obtained by treating graphite with strong oxidizing agents [7]. This material can be defined as a set of functionalized sheets of graphene formed by different oxygen functional groups, such as epoxides, hydroxides and carboxyl. The incorporation of
oxygen groups into graphite makes its structure more hydrophobic, making possible the separation of its layers in aqueous solution by sonication [8,9] to obtain graphene oxide. In literature, several methods have been reported how synthesize
graphite oxide such as Brodie [10], Staudenmaier [11] and Hummers Method [7] and its variations (Modified and Improved Hummers method) [12]. This material is considered an intermediate for the manufacture of reduced graphene oxide, which can
be defined as a homogeneous material with structural defects, resulting from the elimination of a large portion of oxygen functional groups from the graphene oxide structure [13]. In general, reduced graphene oxide structure is similar to that of
graphite oxide but it is not completely homogenous like graphene due to the occurrence of remaining functional groups [14]. Reduced graphene oxide can be obtained by removing the oxygen functional groups from graphite oxide following different
strategies [15]: thermal reduction [16,17], photo reduction [18], electrochemical reduction [19], microwave reduction [20], solvothermal reduction [21], chemical reduction [5,22,23] by using a wide variety of reducing agents (hydroiodic acid, ascorbic
acid, hydrazine, NaBH4 or some metal hydrides [15]) and multiphase reduction [24–26]. Fig. 1 summarizes the advantages and disadvantages of the most important reduction techniques listed above.
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Fig. 1 Advantages and disadvantages of reduction strategies used in the production of reduced graphene oxide.

In this work, the structure and chemistry of different reduced graphene oxide samples prepared through different graphene–reduction strategies such as chemical, thermal and multiphase techniques, were compared. Graphene oxide can be
reduced by using several reducing agents. In this work, hydrazine and ascorbic acid have been selected as the reducing agents. Hydrazine (N2H4) is a colourless flammable liquid with an ammonia-like odor, highly toxic and dangerously unstable
unless handled in a solution [27] but it is a powerful and a convenient reductant because the by-products yielded in the reduction process are typically nitrogen gas and water. On the other hand, ascorbic acid or vitamin C, is a natural organic
compound with antioxidant properties that owns both innocuous nature and environmentally friendly characteristics. It is a white solid that dissolves well in water to give mildly acidic solutions [28]. Ascorbic acid has been proposed recently as a
potential agent to be used for graphene oxide reduction [29,30]. Chemical reduction technique involves the use of a liquid media, which can difficult the industrial production of reduced graphene oxide. However, other reduction procedures do not
require this liquid media such as thermal reduction of graphene oxide. Even though, this procedure presents the disadvantage of the occurrence of a violent expansion of the material, which could damage the structure of the resulting material. A
combination of both chemical and thermal reduction techniques was performed. The resulting products were compared to those separately obtained with each of the above-mentioned techniques.

2 Materials and methods
2.1 Materials
Graphite powder (< 20 µm) was supplied by SIGMA-ALDRICH (Spain). Potassium permanganate (KMnO4), sulfuric acid (H 2SO4), chlorhydric acid (HCl), hydrogen peroxide (H 2O2) and ethanol (CH 3CH 2OH) with a purity grade of 99%, 96%, 37%, 99.5% and
99.5%, respectively, were supplied by PANREAC (Spain). Monohydrate hydrazine with a purity grade of 98% was supplied by SIGMA-ALDRICH (Spain) and ascorbic acid with a purity grade of 99% was supplied by VWR (Spain).

2.2 Methods
2.2.1 Synthesis of graphite oxide (GrO)
Graphite oxide was synthesized following the Improved Hummers Method with slightly modifications [7]. A mixture of 15 g of graphite and 45 g of KMnO4 (oxidizer agent) was slowly added to 400 mL of H 2SO4 under constant agitation. The mixture was
maintained at 50 ° C for 3 h. Then, the mixture was added to a beaker containing a mixture of 400 g of flake ice and 3 mL of H 2O2 to stop the oxidation reaction. The mixture was filtered under vacuum; then, it was washed with 200 mL of deionized water, HCl and
CH 3CH 2OH. Finally, the compact cake was dried at 100 ° C overnight.
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2.2.2 Synthesis of graphene oxide (GO)
Graphene oxide synthesis was carried out by graphite oxide exfoliation. Thus, a mixture of 800 mg of graphite oxide and 800 mL of deionized water was introduced in a cooling jacketed reactor to maintain the solution at room temperature. The mixture was
sonicated (50% amplitude and a complete cycle) for 2 h in order to separate the graphene sheets of graphite oxide to obtain graphene oxide [31]. The final mixture was centrifuged and the obtained solid was dried overnight at 80 ° C.

2.2.3 Synthesis of reduced graphene oxide: reduction strategies
2.2.3.1 Chemical reduction Chemical reduction of graphene oxide was carried out using two different oxidizing agents: hydrazine and ascorbic acid. As commented above, hydrazine was selected because of its powerful reduction capacity but it is a very toxic product, which is also detrimental for
the environment. For this reason, an alternative reducer agent, ascorbic acid, was proposed. This agent is innocuous and environmentally friendly.

The chemical reduction with hydrazine was carried out by mixing 800 mg of graphene oxide solution with 800 mg of hydrazine monohydrate. The mixture was maintained under constant agitation at 90 °C for 3 h [23]. After reduction, the dissolution was centrifuged and the product (Hydrazine
Reduced Graphene Oxide (H-RGO)) was filtered and washed until pH = 7 with deionized water to eliminate the remaining hydrazine. Finally, the obtained solid was dried at 80 °C overnight.
The chemical reduction with ascorbic acid was carried out by mixing 800 mg of graphene oxide solution and 800 mg of ascorbic acid. The reduction was maintained under constant agitation for 48 h at room temperature [29]. After the reduction, the dissolution was centrifuged and the obtained
product (Ascorbic acid Reduced Graphene Oxide (A-RGO)) was filtered and washed several times with deionized water (until pH = 7) to remove the remaining acid. Finally, the obtained solid was dried overnight at 80 °C.

2.2.3.2 Thermal reduction Thermal reduction process was carried out by introducing 5 g of graphite oxide in a laboratory drying oven at low temperatures (250 °C). The carbon material expansion took place after a certain time (always in the range 20–40 min), separating the graphene layers
and, removing some oxygen functional groups from the structure. The obtained product was named as Thermally Reduced Graphite Oxide (T-RGrO).

After thermal reduction, 800 mg T-RGrO was sonicated (30% amplitude) for 2 h in 800 mL of deionized water to complete its exfoliation obtaining Thermally Reduced Graphene Oxide (T-RGO).

2.2.3.3 Multiphase reduction Multiphase reduction was carried out by combining the previously commented reduction strategies (thermal reduction followed by the chemical one, using both hydrazine and ascorbic acid as reducing agents). The product obtained by thermal reduction followed by
hydrazine chemical reduction was named as Hydrazine MultiPhase Reduced Graphene Oxide (HMP-RGO) whereas the product obtained by thermal reduction followed by ascorbic acid chemical reduction was named as Ascorbic acid MultiPhase Reduced Graphene Oxide (AMP-RGO).

2.3 Characterization techniques
The Fourier transform infrared (FTIR) spectra analysis was carried out on a SPECTRUM TWO spectrometer (Perkin Elmer, Inc) with a scan resolution of 0.5 cm−1. Raman spectrums were obtained with a SENTERRA spectrometer with a grating of 600 lines per
mm and a laser wavelength of 532 nm at a very low laser power level (<1 mW), to avoid any heating effect. Thermogravimetric analysis (TGA) data were recorded on a METTLER TOLEDO TGA/DSC1 instrument. Samples were heated from 30 to 1000 °C at 10 °C/min
under a reactive atmosphere of 21% of oxygen and 79% of nitrogen. The morphology of the samples was observed with Scanning Electron Microscopy (SEM) (Phenom ProX) with a field emission gun with a resolution of 15 kV and a magnification of 2000×. Elemental
analysis was carried out using the EDX software of SEM equipment. The powder X-ray diffraction (XRD) analysis was performed on a diffractometer (PHILIPS, PW-1711) with CuKα radiation (λ = 1.5404 Å). The samples were scanned at a rate of 0.02° step −1 over the
range 5° ≤ 2θ ≤ 90° (scan time = 2 s step −1) and the diffractograms were compared with the PDF-ICDD references. Characteristic crystallographic parameters (interlaminar space (d 002); crystal stack height (L c); in-plane crystallite size (L a) and number of graphene
layers in the crystal (N c)) were determined as follows [32,33]:

where:
–

, radiation wavelength (

= 0.15404 nm)

– θ1, [0 0 2] and [0 0 1] diffraction peak position ( °)
– θ2, [1 0 0] diffraction peak position ( °)
– k1, form factor (k = 0.9)
– k2, Warren Form Factor constant (k = 1.84)
– FWHM, width at half height of the corresponding diffraction peak (rad)

3 Results and discussion
Different reduction methods (e.g. chemical, thermal and multiphase techniques) have been used to maximize the removing of oxygen functional groups in graphite oxide.
Fig. 2 shows the oxygen and carbon atoms content (wt.%) of the different graphene-based materials prepared in this study. Graphite, the non-oxidized raw material, is composed by 100% of carbon atoms. After the oxidation process to obtain
graphite oxide (GrO), the content of oxygen as part of a functional group was increased to up 51.7%. Graphene oxide (GO), obtained after GrO exfoliation by means of sonication, showed an oxygen content like that of GrO (52%) which seems logical
due to sonication is a physical process and not a chemical one.
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Fig. 2 Elemental analysis (C and O content) of graphite (G), graphite oxide (GrO), graphene oxide (GO) and reduced graphene oxide samples.

It was confirmed that hydrazine was more effective than ascorbic acid as reducing agent, because oxygen functional groups were reduced from 52% (graphene oxide) to 33.3% in H-RGO and 40.5% in A-RGO, respectively. Thus, only 22%
of the oxygen groups were removed using ascorbic acid whereas about 36% of them were removed using hydrazine.
Removal of oxygenated functional groups by thermal reduction is mainly due to CO and CO2 evolution, which involves the generation of atomic vacancies and voids into the structure. Although the elimination of an isolated functional group in
graphene (e.g., an epoxy group removed as CO) is energy costly, the process is enhanced both thermodynamic and kinetically in presence of more oxygen functional groups located ones next to other. In other words, the oxygen functional group
energy stabilizes both the final structure and the transition states [34]. The high oxygen density in graphite oxide allows to eliminate much of the oxygen present therein at unusually low temperatures (150–300 °C). The remaining oxygen functional
groups in the structure are most likely in the form of isolated groups, thus requiring much higher temperatures for their removal. Recent studies have shown that elevated temperatures (1050 °C) are necessary to completely remove oxygen groups of
graphene oxide [34]. Finally, temperatures higher than 2000 °C allows to remove structural defects remaining in this material.
After the thermal reduction process, the percentage of oxygen was decreased from 51.7% (GrO) to 37% (T-RGrO), removing around 28% of oxygen functional groups. Again, the T-RGrO exfoliation by sonication to obtain T-RGO did not
affect the oxygen percentage, which is kept practically constant (37%).
Finally, elemental analysis of the reduced graphene samples prepared by the multiphase method (HMP-RGO and AMP-RGO, when hydrazine and ascorbic acid were used as the reducing agents, respectively) demonstrated the effectiveness
of this oxygen removing technique. Thus, around 30% and 27% of the carbon atoms remained in the HMP-RGO and AMP-RGO structures, respectively, after the reduction process. Thermal reduction manages to remove the most labile oxygen
groups, many of which are attacked with great efficacy using a single step of chemical reduction with hydrazine due to the great reducing power of this chemical compound. Therefore, when hydrazine is used in the multiphase method, these
oxygenated groups have already been eliminated, so that the great reductive power of hydrazine is wasted. However, everything seems to indicate according to the achieved results that, during the multiphase reduction using ascorbic acid, were
attacked oxygen functional groups which, although weakened by the previous thermal reduction, were not totally eliminated.
Consequently, AMP-RGO is the material in which higher degree of reduction was attained.
Results obtained by elemental analysis was corroborated by results reported in bibliography [35]. The amount of oxygen functional groups remove from graphite oxide is bigger for multiphase reduction method, followed by chemical reduction
with hydrazine, thermal reduction and finally, RGO reduced using ascorbic acid as reducing agent is the one which presented more oxygen functional groups in its structure.
Fig. 3 shows the TGA and DTG profiles corresponding to graphite (G), graphite oxide (GrO) and graphene oxide (GO). Regarding graphite, the corresponding TGA curve confirmed its high thermal stability, which did not start its decomposition
until 650 °C, losing around 92% of its mass at 900 °C [36]. Graphite oxide and graphene oxide showed similar TGA curves. In both cases, three different weight loss steps could be differentiated. The first one (I), appearing between 0 and 200 °C, was
mainly due to the elimination of both water solvent molecules and the decomposition of the more labile oxygen functional groups [37]. Regarding GO, the weight loss corresponding in this first step (21%) was lower than that observed for GrO (37%),
indicating that sonication and subsequent drying of graphite oxide considerably reduced the amount of water molecules in the resulted material. The second weight loss step (II), occurring between 200 and 475 °C, was due to the removal of the more
stable oxygen groups. Similar weight loss was observed for both GrO and GO (27% and 28%, respectively), indicating that both materials had the same stable oxygen functional groups. Finally, a third step (III) for temperatures above 475 °C was
observed, which was a consequence of the material thermal degradation (unstable carbon remaining in the structure yields CO and CO2 [38]), losing around 30% of the remaining mass.
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Fig. 3 TGA and DTG curves of graphite (G), graphite oxide (GrO) and graphene oxide (GO).

Thermogravimetric analyses results were corroborated by FTIR (Fig. 4). FTIR spectrum of graphite showed the absence of bonds different from those expected in its structure. After the oxidation process, several functional groups were
incorporated into the structure (Table 1) [38,39].
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Fig. 4 FTIR analyses of graphite (G), graphite oxide (GrO), graphene oxide (GO) and reduced graphene oxide samples.

Table 1 Functional groups present in graphite (G), graphite oxide (GrO), graphene oxide (GO) and reduced graphene oxide samples [40].
Wavelength (cm−1)

Functional groups
C
CO

H (CH group)
O

CO (Anhydride group)

755–900
1050

C

O (Ether group)

1275

C

C (Alkene group)

1650

C

O (Ester, aldehyde and carboxylic acid groups)

1720–1780

N

H (Amine group)

2800–3000

C

OH (Hydroxyl group)

1420, 3700

Fig. 5 shows TGA and DTG curves corresponding to the reduced graphene oxide samples obtained through different reduction strategies. Three different weight loss steps were also observed, confirming the superior reduction power of
hydrazine if is compared to that of the ascorbic acid. Thus, H-RGO sample showed a minimum weight loss in step (I) (≈2%), which was linked to the elimination of the most labile oxygen groups after the reduction process. Nevertheless, sample ARGO showed a step (I) weight loss of 25%, demonstrating that the more labile oxygen groups were not completely removed from graphene oxide structure after the reduction process. On the other hand, the weight loss corresponding to step (II) was
quite similar for both chemically reduced samples, being the weight loss associated to step (III) higher in sample H-RGO (66%) than in A-RGO (45%) due to its higher amount of unstable carbon (see elemental analysis results). These results were
also corroborated by FTIR analysis (Fig. 4). Thus, in sample H-RGO the broad band corresponding to hydroxyl groups (around 3700 cm−1) disappeared due to hydrazine attacks to the OH groups by nucleophilic substitution [41] causing different
hydrogen bond rearrangements [38]. On the other hand, two new small bands at 2899 cm−1 and 3000 cm−1 were appreciated due to the tendency of the oxygen functional groups to form complex structures with nitrogen (azide complex). These results
are in good agreement with those reported by Chua et al. [42], who has demonstrated through a computational study that hydrazine reduction removed favourably OH groups present in the graphene oxide basal plane.
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Fig. 5 TGA and DTG curves of reduced graphene oxide samples.

For its part, A-RGO spectrum showed that the hydroxyl groups were not completely removed after the reduction process. Other oxygen functional groups that were partially removed after hydrazine/ascorbic acid reduction were C
(1770 cm−1) associated to esters, aldehydes and carboxylic acids, and C
C groups (1650 cm−1), corresponding to phenolic rings, which is a consequence of their interaction with the reducing agent causing bond deformations [38].

O groups

TGA curves corresponding to thermally reduced samples (T-RGrO and T-RGO) did not shown any weight loss during step (I) confirming the elimination of almost all the labile functional groups and water molecules. Weight loss corresponding
to step (II) was quite similar in samples T-RGrO and T-RGO (around 20–23%), indicating that most of the more stable oxygen groups remained in the structure after thermal reduction. Finally, material thermal degradation started at temperatures
above 500–550 °C, showing a step (III) weight loss of around 70% [17].
FTIR analysis of samples T-RGrO and T-RGO showed that hydroxyl groups were practically removed after the thermal reduction, disappearing completely the broadband occurring at around 3700 cm−1 [38,39]. Furthermore, bands
corresponding to C
O (1275 cm−1) and C
O groups (1770 cm−1) were partially removed after the violent thermal expansion happened.
TGA curves corresponding to multiphase reduced samples (HMP-RGO and AMP-RGO) were similar to those of the thermally reduced ones; e.g. TGA curves did not show any weight loss in step (I) confirming the elimination of almost all the
labile functional groups and water molecules. Around 20% of the mass was lost in step (II) due to the partial removal of the more stable oxygen groups. Finally, total thermal decomposition of the reduced graphene oxide samples took place around
550 °C. Again, these results were confirmed by FTIR analyses, where no band associated to
OH groups was observed. In addition, C
O or C
O groups were also partially removed after multiphase reduction. Bands associated to complexes
structures with nitrogen (complex azide) appeared in sample HMP-RGO due to the action of the hydrazine [42]. Regardless of the reduction technique, C
H groups (755–900 cm−1) were almost completely removed.
Raman spectroscopy is considered a very interesting tool in the study of carbon nanomaterials due to its quickness and trustworthiness [43]. Raman spectrum and the most characteristics Raman parameters corresponding to both GrO and
GO samples are shown in Fig. 6 and Table 2, respectively. The two characteristic peaks (D and G) could be easily differentiated. D peak, which appears around 1348 cm−1, indicates the presence of imperfections in the graphitic structure of carbon
atoms at the layer edges [44]. G peak is related to the movement of pairs of carbon atoms linked by sp2 bonds and this is located at 1586 cm−1. This peak is commonly related to the graphitic order [45]. Thus, the broad G band and the more
prominent D one associated with GrO and GO (when compared to graphite) indicate a reduction in the size of the sp2 domains due to oxidation. The relationship between the intensities of the two peaks (I D/I G) will be used to compare the way in which
the structural disorder grows in the graphitic network. The locations of both D and G bands and the ratio between their intensities are consistent with the characteristic values reported elsewhere [41].
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Fig. 6 Raman spectra of graphite (G), graphite oxide (GrO) and graphene oxide (GO).

Table 2 Raman and XRD characteristic parameters of graphite (G), graphite oxide (GrO) and graphene oxide (GO) and reduced graphene oxide samples.
XRD
Sample

Lc (nm)

2θ (°) [0 0 2] or [0 0 1]

peak

RAMAN

d002 (nm)

Nc

La (nm)

2θ (°) [1 0 0]

peak

I D/I G

LD (nm)

G

26.58

37.10

0.34

111

–

–

0.19

23.2

GrO

9.96

4.43

0.89

5

42.43

11.03

0.94

10.4

GO

9.15

3.75

0.97

4

42.77

5.79

0.99

10.2

H-RGO

24.19

1.06

0.37

3

43.11

2.63

1.25

9

A-RGO

23.56

1.38

0.38

4

43.51

4.55

1.16

9.4

T-RGrO

23.7

1.61

0.37

4

43.33

4.50

0.96

10.3

T-RGO

23.02

0.92

0.39

3

43.68

3.59

0.97

10.3

HMP-RGO

21.4

0.96

0.40

2

43.57

5.17

1.18

9.3

AMP-RGO

22.09

0.97

0.41

2

43.24

6.28

1.15

9.4

When pristine graphite was oxidized to GrO, the I D/I G ratio of the resulting material significantly increased indicating a higher level of structural disorder and a larger number of defects in the graphene layers due to the oxidation process. After
sonication to obtain GO, I D/I G relationship in the resulting material lightly increased, indicating that exfoliation process also incorporated further defects in the structure. Logically, the distance between defects (determined as
, being C(λ) = 102 nm2 [46], decreased from graphite to both GrO and GO [39].
Results derived from Raman spectra were corroborated by XRD analysis. Fig. 7 shows X-ray diffraction patterns whereas Table 2 lists the characteristic XRD parameters corresponding to G, GrO and GO. Graphite showed a [0 0 2] peak at a
2θ value of around 26.6°, which is consistent with a separation between layers (d002) of 0.34 nm. After oxidation, [0 0 2] peak disappeared, appearing two new peaks: [0 0 1] at 2θ ≈ 9.9° and [1 0 0] at 2θ ≈ 42.5°. As consequence, the interlayer distance
(d002) clearly increased while the crystal domains (both the crystal stack height, Lc and the in-plane crystallite size, La) decreased after the oxidation process. The d002 increase was attributed to the expansion caused by the presence of oxygen
functional groups and water molecules located in the interlayer galleries of the hydrophilic GrO and GO samples. For its part, crystallite domains reduction indicated that an increase in the structural disorder occurred after the oxidation process (GrO)
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and subsequent exfoliation to yield GO. Finally, the number of layers in the stacking structure (Nc) decreased markedly after graphite oxidation and subsequent sonication, which was related not only to the graphene layer separation but also to the
crystallinity loss in the ultimate material.

Fig. 7 XRD spectra of graphite (G), graphite oxide (GrO) and graphene oxide (GO).

Raman spectra and characteristics Raman parameters corresponding to the reduced graphene samples are shown in Fig. 8 and Table 2, respectively. As observed, I D/I G ratio increased after chemical reduction indicating that not only the
oxidation but also the chemical reduction process contributed to an increase of the structural disorder, which was much higher in sample H-RGO than in sample A-RGO. As above mentioned, hydrazine removed oxygen functional groups more
efficiently than ascorbic acid, as corroborated by elemental and FTIR analyses.
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Fig. 8 Raman spectra of reduced graphene oxide samples.

Both chemically reduced products showed characteristics values of I D/I G, which ranged from 1.14 to 1.28 [39]. As expected, distance between defects (LD) was higher for sample A-RGO due to it presented a lower number of defects.
XRD analysis (Fig. 9) showed that when GO was chemically reduced peak [0 0 1] was widener and shifted to higher 2θ values, due to the tendency of the reduced material to recover the original graphite structure although the crystallinity of
the resulting material is reduced. As observed, d002 and crystal domains (Lc and La) decreased after chemical reduction due to the structural disorder increase, obtaining a higher reduction in the case of sample H-RGO due to the above mentioned
high reduction power of hydrazine.
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Fig. 9 XRD spectra of reduced graphene oxide samples.

On the other hand, after thermal reduction both I D/I G ratio and distance between defects (LD) presented a similar tendency as the non-reduced material (GrO). In other words, thermal expansion, which removed mainly the more labile oxygen
functional groups (mostly located out of the basal plane [5]), did not practically contributed to add further structural defects in the resulting reduced material. Similar Raman results were obtained for samples T-RGrO and T-RGO, which agree well with
thermal and elemental analysis results.
XRD patterns of samples T-RGrO and T-RGO were quite similar. Again, d002 and crystal domains decreased after the reduction process. Note that La and Lc values considerably decreased after the exfoliation indicating that the T-RGrO
sonication to obtain T-RGO caused not only the exfoliation of the structure but also the breakage of the crystal structure.
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Finally, Raman spectra of multiphase reduced samples showed that when hydrazine was used as the reducing agent the number of defects in the final material (HMP-RGO) were slightly higher than that evaluated when ascorbic acid was
used (AMP-RGO), due to hydrazine attacks more intensely the structure, increasing the number of defects. This fact was also evidenced by XRD measurements where crystal domains were slightly higher in sample AMP-RGO than in sample HMPRGO.
Fig. 10 shows the morphological properties of the different materials studied evaluated by Scanning Electron Microscopy (SEM). Graphite structure showed a crystalline platelet-like structure with well-defined sheets. After the oxidation
process, GrO sample presented a damaged structure. GO showed a single flakes structure with relatively large surface, resembling a thin curtain, which indicates that a very good exfoliation took place after the oxidation process [38]. SEM images
corresponding to reduced samples showed structures with a more developed surface, resembling cluttered products with poor crystallinity, as demonstrated by the XRD analysis.
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Fig. 10 SEM images of graphite (G), graphite oxide (GrO), graphene oxide (GO) and reduced graphene oxide samples.

4 Conclusions
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In this manuscript, different graphene reduction strategies to synthesize reduced graphene oxide were reported. An optimization of the most knowledge oxidation route reported in the literature (Improved Hummers Method) was used to obtain
graphite oxide. Subsequently, different sets of reduced graphene oxide powders were synthesized using three different reduction routes: chemical reduction, using hydrazine and ascorbic acid as reduction agents, thermal reduction and multiphase
reduction. A total of eight separate final products were characterized to obtain the most effective reduction strategy.
Obtained results showed that, multiphase reduction method, resulting from the combination of more than one reduction route, specifically thermal and chemical ones, led to an effective removal of oxygen functional groups. Thus, a mild
thermal treatment followed by a chemical reduction using ascorbic acid as the reducing agent, showed a functional groups reduction of 47%. A detailed characterization of the resulting materials confirmed the removal of the most labile oxygen
functional groups and some of the more stable ones, without appreciating an increase in the number of structural defects and limiting the extension of lattice reconstruction after reduction. In this manuscript, it has been clearly demonstrated that, the
reduced graphene oxide structure is highly dependent on the reduction strategy and, because of the promising results achieved, it would be convenient in the near future not only to optimize the developed multiphase reduction method in order to
increase productivity, but also to apply this method using other reducing agents that are low cost and that respectful with the environment.
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• Chemical, thermal and multiphase strategies for the synthesis of RGO are proposed.
• Lowest amount of oxygen functional groups was obtained by multiphase reduction.
• Ascorbic Acid was presented as the best reduction agent in multiphase reduction.
• Multiphase reduction does not increase the number of defects in RGO structure.
• Structure and application of RGO highly depend on the reduction strategy followed.
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