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The present work aims to evaluate the manufacturing processes of free-standing graphene oxide 
(GO)/reduced graphene oxide(rGO)/carbon nanotube (MWCNT) papers-like and the effect on 
electrical conductivities after annealing treatment. The pure GO and the hybrid papers were obtained 
by vacuum filtration and submitted to mild thermal annealing at 400 °C under an argon atmosphere. 
Analyses comparing the carbon paper-like materials before and after thermal treatment were done by 
thermogravimetric analysis (TGA), Raman spectroscopy, scanning electron microscopy (SEM), and 
electrical conductivity measurements. The characterization results show the annealing process effect 
on the morphology of paper materials. The GO papers and the hybrid (GO/rGO/MWCNT) exhibited 
good free-standing structure properties. The SEM results suggest the formation of gas void due to the 
thermal treatment. TGA and Raman results showed the thermal reduction and restoration of the carbon 
sp2 network of the graphene oxide induced by thermal treatment. The thermal treatment was responsible 
for changing the almost insulator characteristic of free-standing pure GO paper, achieving an electrical 
conductivity of 752 S/m, and improving 45% of the free-standing hybrid carbon nanomaterials papers 
(GO/rGO/MWCNT) electrical conductivity, achieving the value of 1020 S/m.

Keywords: graphene oxide, multi-walled carbon nanotubes, carbon nanomaterials, electrical 
conductivity, graphene paper.

1. Introduction
In the last two decades, we have seen a considerable 

expansion of knowledge in different fields of graphene 
research and development. The graphene interest became 
higher after 2004 when K. Novoselov and A. Geim obtained 
the 2D carbon structure by micro-mechanical exfoliation, the 
scotch tape method, experimentally proving the excellent 
electronic properties expected by theory physic studies1 and 
receiving six years later the Physic Nobel Prize. Since this 
event, the academy and the industry have invested a solid 
effort to achieve a higher technology readiness level (TRL) 
for many graphene applications2,3. Searching at the SCOPUS 
(Elsevier) base by the term graphene, this topic has achieved 
the mark of twenty-four thousand and four hundred related 
documents published yearly, demonstrating how interesting the 
subject is. The results of this engagement are turning possible 
concepts suggested by the vanguard at the beginning of the 
graphene revolution4. For example, it is possible to consider 
enhanced composite materials5-7 development, electronic 

devices8 and sensors9,10, medical biosensors11, filtration 
membranes12,13, solutions applied for energy generation14 and 
energy storage systems (ESS) applications15-18 such as batteries 
and supercapacitors.

In the ESS field, graphene and its derivatives are the 
most studied active material in the design of supercapacitor 
electrodes related to the high theoretical surface area 
(2630 m2g-1) associated with 2D ion transport channels, good 
electrical conductivity as properly exfoliated (≤ 10 layers), 
excellent interfacial integrity and inter-layer spacing even 
after re-stacking. The intrinsic and specific capacitance of 
graphene, respectively, 21 µFcm-2 and above 550 Fg-1, are 
higher than values observed in the literature for activated 
charcoal19,20 or glassy-like carbon artifacts21,22. These properties 
of graphene are beneficial in increasing the performance of 
supercapacitors. Between the different manufacturing methods 
of graphene application in this field, the production of free-
standing carbon nanomaterials paper-like by vacuum filtration 
is interesting because it is simple, clean, with low cost, and 
without involving the conducting additives and binders23. *e-mail: rodrigo.a.oliveira@unesp.br
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Another attractive characteristic of this manufacturing process 
for electrode design is the possibility of developing hybrid 
structures (such as graphene oxide and carbon nanotubes), 
and it is known that the combination of two nanomaterials 
can have a synergistic effect on essential properties which 
can improve the performance of the supercapacitor24-26.

In this work, the free-standing papers-like of pure graphene 
oxide (GO) and hybrid concepts consisting of mixtures of 
graphene oxide, reduced graphene oxide (rGO), and carbon 
nanotube (MWCNT) were produced from commercial 
constituents. Besides, regarding previous studies27, the 
effect of a mild thermal annealing treatment was evaluated 
on the papers-like by different characterization techniques.

2. Materials and Experimental Methods

2.1. Materials
The graphene oxide (GO), the reduced graphene oxide 

(rGO), and the functionalized multi-walled carbon nanotubes 
(MWCNT) were supplied by the company Nanografi. According 
to the supplier, the GO was produced by chemical exfoliation 
by a modified Hummers method, and the purification was 
done by washing with chemicals reagents and distilled water. 
The GO reduction process to obtain the rGO was performed 
by a chemical process. The GO and rGO datasheets inform a 
surface area (SA) of 420 m2/g and 1562 m2/g, respectively, 
number of layers ≤ 5 and purity degree of 99.5% for both 
materials and lateral length reported for GO is 7.5 µm and 
for rGO is between 1 and 5 µm. The MWCNT was produced 
by the CVD technique using Argon gas at 700 °C - 1200 °C. 
The supplier datasheet indicates that the MWCNT has 
0.3 wt% of carboxyl groups (COOH), outside diameter 
between 48-78 nm, inside diameter between 5-10 nm, the 
length between 10-30 μm, SA of 25 m2/g and 99.9% of purity 
degree. The GO was received with the appearance of slices 
of the film, demanding a thin razor lamina to cut it into small 
pieces to improve the dispersion performance during the 
sonication process. Whereas the rGO and MWCNT delivered 
have a powder aspect, the materials were applied as received. 
Additional information about the carbon nanomaterials 
acquired in this work is available on the supplier website28 by 
tracking the commercial codes GO (NG01GO0102), rGO 
(NG01RGO0101) and MWCNT (NG01GM0115). Isopropyl 
alcohol 99.5% (CAS: 67-63-0) was used as a liquid medium 
for the preparation of dispersions.

2.2. Experimental methods
The manufacturing processes of the free-standing carbon 

nanomaterials papers were based on previous methods reported 
in the literature29-32. First, the GO solution was prepared by 
adding 60 mg of carbon nanomaterial to 100 mL of isopropyl 
alcohol to obtain the GO paper-like. To define the free-
standing hybrid paper, a preliminary study was carried out 
considering the weight dispersion ratios of GO, rGO, and 
MWCNT demonstrated in Table 1. This optimization stage 
was essential to support the definition of the final hybrid 
graphene oxide paper, evaluating the manufacturability, the 
microscopy morphologies, and the electrical conductivity of 
the configuration of initial papers, and so, defining the ratios 
of the constituents for the final free-standing hybrid paper.

The solutions were immersed into an ice bath and dispersed 
with an ultrasonicator (Hielscher model UP400St) for 60 min 
(Figure 1) in a power configuration mode set at 70% and the 
cycle frequency at 50%. Afterward, the carbon nanomaterials 
papers were obtained by vacuum filtration system (Figure 1) 
on a nylon membrane filter (47 mm in diameter, 0.45 µm 
pore size). The nylon membranes with the stacked carbon 
nanomaterials were carefully laid between two glass Petri 
plates and dried at 100 °C for 60 min. Finally, the carbon 
nanomaterials papers were peeled from the membrane filter. 
The pure GO and hybrid free-standing papers produced were 
subjected to a mild thermal annealing process, starting with 
a temperature ramp of 10 °C/min up to 400 °C, followed by 
30 minutes of dwell under an argon flow of 15 L/min in a 
muffle furnace with 10 L of capacity. The paper thicknesses 
were estimated by the mean of ten measurements evaluating 
a slice of sample cross-section vertically positioned in an 
Opto-digital microscope (DSX500 – OLYMPUS) with a 5x 
order of magnitude from an optical lens, and 4x of digital 
zoom in a dark field mode.

The free-standing carbon nanomaterials papers were 
characterized by thermogravimetric analysis (TGA), Raman 
spectroscopy, scanning electron microscopy (SEM) and electrical 
conductivity measurements. The TGA were performed in a 
TA instrument Q500 equipment. The samples, with a mass 
of 5 mg, were heated in an alumina crucible from room 
temperature to 400 °C at 10 ºC/min under a nitrogen flow 
of 50 mL/min. The Raman scattering spectra were measured 
in a Raman Witec Alpha 500 in the range of 1000 cm-1 to 
3500 cm-1 using a 532 nm (2.33 eV) laser at approximately 
1 mW, 600 line/mm diffraction grid and 100x objective. 
The SEM samples were examined by a scanning electronic 

Table 1. Carbon materials mass concentrations applied at paper-like manufacturing samples.

Sample ID.
GO rGO

MWCNT
weight (mg) - [wt%]

GO 60 [100%] - -
rGO_52% 43 [48.3%] 46 [51.7%] -

rGO_67%** 23 [ 32.9%] 47 [67.1%] -
rGO_76% ** 18 [23.7%] 58 [76.3%] -

rGO** - [100%] -
MWCNT_16%* 51 [ 83.6%] - 10 [16.4%]

* Sample pulled out from the filter membrane presenting a brittle aspect. ** Samples that did not stacked from the filter membrane.
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microscope ZEISS, model EVO-MA10 with accelerating 
voltage of 20 kV. Prior to SEM analysis, specimens were 
coated with gold-palladium using a mini Sputter Coater model 
POLARON EMITECH SC7620 to improve a conductive 
surface in a high vacuum atmosphere. The sputtering coating 
was done using a tension approximately of 800 V, and the 
process duration was of 120 seconds with a nominal velocity 
of 3 Å/s. The sheet resistance of the papers was analyzed at 
a four-point test fixture, with gold contact wires being the 
externals adjusted with 5 mm of distance and the others 
equidistant disposed, at a JANDEL electronic station, model 
RM3000. The electrical conductivity was calculated according 
to Equation 1, regarding Ribeiro et al29:

( ) 1 tDC sRσ −=  	 (1)

Where DCσ  represents the electrical film conductivity in 
a continuous current, the sR  is the sheet resistance ( /Ω ), 
and t represents the thickness (m) of the carbon paper-like.

3. Results and Discussions
The first stage of the processability evaluation shows 

the dependency of the paper stability according to the GO 

ratio considered at the dispersion (see remarks in Table 1). 
The free-standing pure GO paper presents a simple pull-out 
operation from the filter and flexible structure characteristic, 
with 0.043 mm of thickness. Despite the brittle aspect of 
the rGO_52% and MWCNT_16% papers, it was possible 
to proceed with the filter pull-out operation and measure the 
thickness film, presenting 0.17 mm and 0.14 mm, respectively. 
The electrical conductivity papers confirm the insulating 
property of the GO paper, as expected. The rGO_52% and 
MWCNT_16% papers show negligible conductivities, 
5 S/m and 75 S/m, respectively. The SEM evaluation of 
these samples suggests that the low conductivity results are 
related to a poor connection between the rGOs anchored at 
the GO structure, depicted in Figure 2, and the discontinuity 
of the MWCNT mat, presented in Figure 3.

After these analyses, the manufacturing papers procedures 
were improved, maintaining the free-standing pure GO paper 
and producing the hybrid paper production with constituents’ 
ratio of 50 wt% GO, 25 wt% rGO, and 25 wt% MWCNT, 
aiming to improve the MWCNT mat connectivity and, 
consequently, the electrical conductivity of the paper also 
considering the properties of rGO included. Although less 
flexible than the GO paper sample, this new hybrid paper 

Figure 1. Summarized carbon nanomaterials papers manufacturing processes.
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configuration presented a good filter pull-out performance 
with a free-standing characteristic and 0.085 mm of thickness. 
Then both carbon nanomaterials free-standing papers at this 
stage of the study were thermally treated (TT). After the 
thermal treatment, significant variation was not observed 
in the GO paper thickness, unlike for the hybrid paper, in 
which the thickness was reduced from 0.085 mm to 0.073mm. 
Figure 4a and 4b show the free-standing pure GO paper’s 
SEM images. The ordered macroscopic structures of GO 
flake and well-defined edges without visible damage and 
impurities can be observed in all the samples. The average 
lateral size of the GO reported by the supplier is about 
7.5 μm, the same order of size observed for objects in the 
SEM images. These results suggest that the sonication and 
filtration parameters worked adequately, maintaining the 
expected dimensional aspect for the GO sheets at the carbon 
paper-like sample. Figure  3c  and  3d show SEM images 
of the free-standing GO paper after the thermal annealing 

process, where it can be observed the presence of elevated 
GO flakes (highlighted in the figure by red arrows) is caused 
by the thermal treatment. The literature33 suggests that the 
thermal decomposition reaction of the oxygenated groups 
on the GO surface produces gas molecules of CO, CO2, and 
O2, which escape during the thermal process and disrupt 
the stacked structure of the paper-like film forming the gas 
voids paths. That can be a potential mechanism to increase 
the surface area of the films. This characteristic is helpful for 
applications such as electrodes used for supercapacitors34 and 
nanofiltration membranes35.

Figure  5 shows SEM images of the hybrid film 
morphologies, untreated and treated thermally, produced 
by the GO/rGO/MWCNT mixture. The hybrid paper-like 
presents a good network constitution between the objects, 
with ordered macroscopic structures of graphene flakes on 
the carbon nanotube mat. According to the supplier, the 
lateral size of the rGO is between 1 μm and 5 μm; therefore, 
the small flakes on film structure can be attributed to rGO. 
Analogously to pure GO paper-like results, the SEM image 
in Figure 4c and 4d shows the orientation of the flakes also 
disturbed by the thermal treatments creating the void paths 
suggested before. Combining one-dimensional materials 
(carbon nanotubes) and two-dimensional materials (graphene) 
to design paper-like electrodes for supercapacitor application 
has been extensively studied in the literature23,24,31,36-38. 
The results found by the authors show that the synergistic 
effect between carbon nanomaterials is beneficial to produce 
electrodes with higher total electrolyte accessible surface 
area. Therefore, the void paths observed for the hybrid 
sample can potentiate this effect.

The presence of oxygen groups linked to the graphene 
structure is responsible for inhibiting the electronic mobility 
at the GO providing a dielectric characteristic material. These 
groups are reported in the literature as hydroxyl (−OH) and 
epoxide (−C−O−C−) groups attached on the basal plane and 
carboxylic (−COOH) groups attached at the sheet edges39. 
However, this electrical insulating characteristic of GO is 
not suitable for energy applications. Among the methods to 
improve the electrical conductivity of this carbon nanomaterial, 
reduction by thermal annealing is widely used because it is 
a clean and efficient approach. The removal of the oxygen-
containing groups promotes a thermal reduction of GO and 
consequently improves its electrical conductivity33. In this 
work, the TGA was used to evaluate the presence and quantify 
(chemical composition) of these groups in the paper-likes. 
The correlation of thermal events observed in TGA can 
support comprehension of the degree of thermal reduction of 
the samples. Figure 6 shows the thermogravimetric (TGA), 
and differential thermogravimetric (DTG) curves obtained 
and Table 1 summarizes the main thermal events verified for 
the pure GO and hybrid papers-like produced. The first and 
second thermal events are related to the evaporation of water 
(and/or volatiles substances from the precursor GO or film 
manufacturing process) and the decomposition of functional 
oxygen groups, respectively. As expected, the samples 
treated thermally showed lower water contents (GO: 12% 
to 2.33%; hybrid: 6.5% to 0.6%). The smaller hygroscopic 
character may be related to the smaller oxygenated groups’ 
content, which is confirmed by the second thermal event 

Figure 2. SEM image: the disconnected rGO flakes decorating GO 
paper at the rGO_52% sample.

Figure 3. SEM image: the discontinuity of MWCNT mat at the 
GO paper surface at MWCNT_16% sample.
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observed. Comparing the untreated and treated thermally 
samples results, the effectivity of the thermal reduction 
process performed in this work is confirmed by the decrease 
in weight loss from 27.7% to 0% (not detected) and 16.7% 
to 1.5% in the second thermal event observed for GO and 
hybrid paper-likes, respectively (Table  2). These results 
suggest a possible increase in the electrical conductivity of 
the films with the removal of the oxygen-containing groups.

Raman spectroscopy was also used to evaluate the sample 
crystallite size, chemical composition and thermal reduction 
effects. Regarding that, the Raman spectra were fitted using 
a combination of five functions assigned to D*, D, D”, G and 
D’ bands (Figure 7) in the range of 1000 cm-1 to 2000 cm1 and 
four functions assigned to G*, 2D, D+D’ and 2D’ bands 
(Figure 8) in the range of 2000 cm-1 to 3500 cm1 according 
to the protocol developed by Lopez-Diaz and collaborators, 
and Claramunt and collaborators40,41. From the data obtained 
from the adjustments, it was possible to calculate the ratio 

of intensities of the D and G bands (ID/IG), the crystallite 
size (LA) and Csp2 percentage, and the results are reported 
in Table 3. The Csp2 percentage was calculated in two ways 
proposed by Lopez-Diaz and collaborators40: from the region 
of the D and G bands (protocol D and G bands) and from 
the region of the 2D band (protocol 2D band) (Table 3). 
Higher LA and Csp2 values (all protocols) and the lower ID/
IG value are observed for all papers-like subjected to thermal 
treatment. These results indicate lower degree defects and 
the restoration of the carbon sp2 network caused by thermal 
annealing in the carbon nanomaterial structure present in 
paper-likes. Thereby, the Raman results corroborate the TGA 
results. Moreover, it is possible to observe the higher LA 
and Csp2 values for the GO-TT [LA = 7.3; Csp2 = 70 (DG); 
69 (2D); 61(D+D’)] compared to the hybrid-TT [LA = 7.1; 
Csp2 = 66 (DG); 62 (2D); 59 (D+D’)]. In this case, the 
restoration of the carbon sp2 network was less effective for 
the hybrid-TT paper-like corroborating the TGA results that 

Figure 4. Pure GO paper-like SEM images untreated (a-b) and treated (c-d) thermally. Red arrows in (d) indicate gas voids regions 
caused by thermal annealing.
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Figure 5. Hybrid paper-like SEM images untreated (a-b) and treated (c-d) thermally. Red arrows in (d) indicate gas voids regions caused 
by thermal annealing.

Figure 6. TGA (a) and DTG (b) curves of the pure GO and hybrid paper-likes untreated and treated thermally (TT) obtained at 10 °C 
min-1 in a nitrogen atmosphere.
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showed 1.5% (Table 2) of the content of the oxygenated 
group still present in the hybrid sample.

Finally, considering the four-probes electrical resistance 
results, the papers electrical conductivities were calculated 

according to the equation I, considering the respective 
thickness for each sample manufactured, to confirm the 
effect of thermal treatment of the carbon-based paper-like 
films. Figure 9 shows the results obtained.

Table 2. Main thermal events with the maximum decomposition temperature (ºC) and mass loss (%) values detected at the DTG curve 
for the samples.

Sample 1st 2nd
GO 55 °C (12.0%) 214 °C (27.7%) Onset: 173 °C / Endset: 239 °C

GO - TT 69 °C (2.33%) ND*
Hybrid 41 °C (6.5%) 210 °C (16.7%) Onset: 160 °C / Endset: 234 °C

Hybrid - TT 57 °C (0.6%) 205 °C (1.5%) Onset: 160 °C / Endset: 287 °C
*Not detected by TGA.

Figure 7. Raman spectra in the range of 800 cm-1 to 2000 cm-1 (D and G bands region) of the pure GO and hybrid paper-likes untreated 
(a-b) and treated thermally (TT) (c-d). The five functions (D*,D, D″, G, and D′ bands) were adjusted for all the samples according to the 
protocol available in the literature40,41.

Table 3. ID/IG value and the maximum positions of the 2D and D + D′ used as parameters for estimating the Csp2 percentages of paper-
likes samples untreated and treated according to the protocol available in the literature40,41.

Samples
Protocol D and G Bands Protocol 2D Band

ID/IG LA (nm) Csp2 (%) 2D Position 
(cm-1)

Csp2(%)
(2D)

D+D’ Position
(cm-1)

Csp2(%)
(D+D’)

GO 1.5 6.7 59 2694 64 2934 57
GO - TT 1.4 7.3 70 2699 69 2936 61
Hybrid 1.7 6.0 41 2691 60 2691 53

Hybrid - TT 1.4 7.1 66 2693 62 2693 59
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As expected, the pure GO paper-like untreated thermally 
presents an electric insulator property with a high level of 
resistance reported by the four-probe evaluation, supporting 
the previous discussions considering the presence of the 
oxygen groups. The hybrid paper-like untreated thermally 
exhibited electrical conductivity around 460 S/m. The presence 
of this electrical conductivity can occur by the action of the 

MWCNT and the rGO attached to the GO flakes in an rGO/
MWCNT networks (mat) across the film observed in the 
SEM images (Figures 5a and 5b). As expected, the thermally 
treated samples significantly improved the electrical paper 
properties. Considering the initial insulator characteristic 
of the GO papers-like, the resistivity measurement after 
the annealing process results in an electrical conductivity 

Figure 8. Raman spectra in the range of 2100 cm-1 to 3500 cm-1 (2D band region) of the pure GO and hybrid paper-likes untreated (a-b) 
and treated thermally (TT) (c-d). The four functions (G*,2D, D+D’ and 2D′ bands) were adjusted for all the samples according to the 
protocol available in the literature40,41.

Figure 9. Electrical conductivity of the pure GO and hybrid paper-likes untreated and treated thermally (TT).
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film of around 750 S/m. The resistivity measurement at the 
hybrid paper-like shows an increase of 45%, resulting in 
an electric conductivity film of 1020 S/m. The increased 
electrical conductivity observed confirms that the thermal 
annealing affords the thermal reduction and restoration 
of the carbon sp2 network of the graphene oxide and thus 
corroborating the Raman and TGA results. Furthermore, 
these results also indicate that the formation of gas voids 
by the thermal treatment observed in the SEM results seems 
not to be harmful to the electrical conductivity of the paper-
like. Table 4 presents an electrical conductivity comparison 
between some literature graphene paper-like references and 
the free-standing papers produced in the present work. It is 
important to note that the manufacturing process, treatment, 
and paper thickness can be different between the reported 
materials, therefore influencing the electrical conductivity 
results directly.

4. Conclusion
During the experiments performed in this work, it 

was possible to understand the necessity of GO presence 
to obtain a free-standing paper that allows manipulation 
without damaging the film’s integrality. Additionally, it was 
also observed that a pure GO paper-like presents a higher 
flexible structure than the hybrid paper-like before and after 
the thermal treatment. The SEM results showed ordered 
macroscopic structures of the paper-likes obtained, with 
GO flakes and well-defined edges without visible damage 
and impurities. Considering the carbon nanomaterials 
papers morphologies observed, it is suggested that releasing 
oxygenated groups from GO contributes to path formations 
in the paper. This effect can be a potential mechanism to 
improve the active surface area, known as important propriety 
for different applications as an electrode and nanofiltration 
membrane. The TGA and Raman results showed the thermal 
reduction and the restoration of the carbon sp2 network of 
the graphene oxide induced by thermal treatment. Due to 

this effect, an increase in electrical conductivity to the pure 
GO paper-like was reported after the annealing processes 
achieved 752 S/m, and a 45% improvement for the hybrid 
treated paper-like, representing 1020 S/m. Regarding the 
manufacturing methods applied, the authors consider these 
electrical conductivity results reasonable, and a paper 
thickness reduction is a potential easy route to improve the 
performances obtained, as well as expected by working at 
the thermal treatment parameters. Finally, this work confirms 
that the vacuum filtration manufacturing process followed 
by a mild thermal annealing process (400°C) seems to 
be an efficient way to obtain free-standing and electrical 
conductivity carbon nanomaterials papers.
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