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Abstract 

Graphene materials (GMs) are deeply studied as nanoreinforcements of polymer 

matrices, especially for epoxy matrices. Here, we analyze the effect of GMs on the 

transport properties of a poly(bisphenol A-co-epichlorohydrin) resin. In particular, we 

focus on the effect of the morphology, chemical composition and structure of different 

GMs obtained by varying the reduction temperature of the thermal/exfoliation treatment 

of graphite oxide synthesized by a modified Hummers method. The dispersion degree of 

the GMs was studied by microscopy techniques, showing a strong dependence on the 

specific surface area and chemical composition of the graphene material. The transport 

properties imposed different requirements on GMs. The thermal conductivity benefited 

from a high aromatic restoration. Meanwhile, the electrical conductivity required the 

right balance of filler/matrix interaction and aromatic restoration. 
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1. Introduction 

The intrinsic properties of epoxy resins, such as strong adhesion, mechanical 

behavior and chemical resistance, make them suitable for a wide spectrum of 

applications in diverse areas such as adhesives, paints and coatings, aerospace and 

electrical systems [1]. Nonetheless, different carbonaceous materials, such as carbon 

nanotubes [2], and fullerenes [3], have been incorporated in order to improve the 

mechanical or transport properties of epoxy resins. Graphene is a 2D material with a 

one-atom thick planar sheet of sp2 bonded carbon atoms in a hexagonal lattice with 

excellent properties like Young’s modulus (1 TPa) [4], high electrical (6000 S cm-1) and 

thermal conductivity (5000 W m-1 K-1) [5] and a good fracture toughness performance 

[6]. Therefore, it is not only expected to improve the mechanical performance of epoxy 

resins but also to bring new properties like enhanced electrical and thermal 

conductivities [7, 8]. 

In recent years, several studies have been reported regarding the properties of 

epoxy resin based composites filled with different graphene materials (GMs), e.g. 

graphene oxide [9, 10], reduced graphene oxide [11], graphene nanoplatelets [12, 13] or 

thermally reduced graphene oxide [8, 14]. Although a detailed review can be found 

about the effect of sheet size focusing on their mechanical properties [15], to our 

knowledge, there are no detailed studies concerning the effect of the structure or 

morphology of the different GMs on the transport properties of the resin composite. 

Our research group has developed a production method that enables the control of 

different GM characteristics, such as specific surface area, oxygen content and lateral 

size, by tuning the exfoliation/reduction temperatures of the graphite oxide and the 

parent graphite used [16-18]. In the present study, four graphene materials were selected 
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to evaluate the role of their structure, morphology and chemical composition on the 

transport properties of epoxy-graphene resin composites. 

Thus, the objectives of this study are: (i) a deep characterization of the graphene 

materials obtained by the methodology developed by our research group (ii) to study the 

dispersion behavior of the different graphene materials (GMs) in the epoxy resin; (iii) to 

evaluate the transport properties of the composites reinforced with the different GMs as 

a function of their chemical and structural composition and the degree of dispersion of 

graphene. 

 

2. Experimental  

2.1. Preparation of graphite oxide (GrO) and thermally reduced graphene oxides 

(TRGOs) 

GrO was prepared from synthetic graphite (Sigma Aldrich < 20 µm Ref. 282863) 

using a modified Hummers’ method [19]. Briefly, concentrated H2SO4 (360 mL) was 

added to a mixture of graphite (7.5 g) and NaNO3 (7.5 g). Subsequently, KMnO4 (45 g) 

was slowly added in small quantities to keep the reaction temperature below 20 °C. The 

solution was heated to 35 °C and stirred for 3 h. Finally, 3% H2O2 (1.5 L) was slowly 

added to the reactor. The reaction mixture was stirred for 30 min and, subsequently, 

centrifuged (4000 rpm for 10 min) and the supernatant was decanted away. Then, the 

remaining solid material was washed with 500 mL of deionized water and centrifuged 

again. This process was repeated until neutral pH. The bulk resulting product was 

vacuum dried and then ground to obtain graphite oxide powder (GrO) [19]. 

Thermally reduced graphene oxides (TRGOs) were obtained at different 

temperatures. Initially, graphite oxide (GrO) was subjected to a flash pyrolysis 

exfoliation at 300 ºC (TRGO-300) in a vertical tube furnace under a N2 atmosphere (100 
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mL min-1) [16]. The obtained TRGO-300 was immediately collected after the 

exfoliation process and natural cooled to room temperature under N2 atmosphere. The 

resultant exfoliated sample was submitted to a thermal treatment at 1000 °C (TRGO-

1000) in a horizontal tubular furnace under a N2 atmosphere (100 mL min-1) and with a 

heating rate of 5 °C min−1 up to the selected final temperature. This temperature was 

maintained for 1h. The treatment at 2000 °C was performed in a graphitization furnace 

(Pyrox VI 150/125) under an Ar atmosphere (3 L min−1) at a heating rate of 5 °C min−1 

up to 800 °C and, then, at 10 °C min−1 up to 2000 °C. This temperature was maintained 

for 1 h [19]. Both, TRGO-1000 and TRGO-2000 were natural cooled to room 

temperature inside the furnace under their respective inert atmospheres. The obtained 

samples were labeled as TRGO-300, TRGO-1000 and TRGO-2000, respectively. 

 

2.2. Preparation of resin-based composites 

Poly(Bisphenol A-co-epichlorohydrin) resin (405493) and diethylenetriamine 

curing agent (D93856) were purchased from Sigma-Aldrich. The TRGOs were 

dispersed in the epoxy resin using a three-roll calender (EXAKT 80E). Different TRGO 

contents were studied: 0.25, 0.5, 1, 2, 3 and 4 wt.%, which corresponds to 0.13, 0.26, 

0.52, 1.04, 1.56 and 2.06 vol. % respectively, calculated using a density value of GM of 

1.92 g/cm3. In order to obtain a good dispersion of the TRGOs in the epoxy matrix, a 

method based in three cycles was used. The parameters of this method (roller gap, 

velocity and time) are summarized in Table 1. The liquid formulations containing GMs 

and epoxy resin were mixed immediately after the calender mixing process with the 

curing agent in a mixing ratio (epoxy: hardener) of 100:12. 
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Table 1. Calender dispersion protocol 

 Gap 1 (µm) Gap 2 (µm) Velocity (rpm) Time (min) 
Cycle 1 100 50 150 10 
Cycle 2 50 25 200 10 
Cycle 3 25 5 250 30 

 

The mixture was degassed for 10 min at room temperature in a vacuum chamber 

and then poured into silicone molds for its thermal and electrical characterization. The 

samples were cured in an oven at 70 ºC for 60 min and then, post-cured at 140 ºC for 90 

min.  

 

2.3. Characterization 

X-ray diffractograms of the graphene materials were recorded in a Bruker D8 

Advance diffractometer. The radiation frequency used was the Kα1 line from Cu (1.5406 

Å), with a power supply 40 kV and 40 mA. All the XRD patterns were obtained at steps 

of 0.01 and intervals of 6 s per step. The crystallite size along the c-axis (Lc), and the 

crystallite size along a-axis (La) were obtained by fitting respectively the (002) and 

(100) reflections of XRD patterns using the Scherrer equation [20]. A pseudo-Voigt 

function was used in order to obtain the best fit of (100) reflection of the XRD patterns. 

The number of graphene layers was estimated from (Lc/d002) +1 [21]. 

The oxygen content of the samples was determined in a LECO-TF-900 furnace 

coupled to a LECO-CHNS-932 microanalyzer. The analysis was performed using 1 mg 

of ground sample. The results were calculated from an average of the values of three 

batches with an experimental error < 3% of the absolute value.  

XPS analysis of graphene materials were carried out on a SPECS system operating 

under 107 Pa connected to a MgKa X-ray source (100 W). All the spectra were energy 

calibrated by assigning 284.5 eV to the C1s binding energy of the ‘graphitic’ peak. In 
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order to evaluate the functional groups present in the samples, the XPS C1s peaks were 

curve-fitted using pseudo-Voigt functions having 80% Gaussian and 20% Lorentzian 

character [22]. The binding energy profiles were deconvoluted as follows: undamaged 

structures of Csp2 - hybridized carbon (284.5 eV), damaged structures or Csp3 - 

hybridized carbons (285 eV), C–OH groups (285.7 eV), C-O-C functional groups (287 

eV), >C=O groups (287.5 eV), C(O)OH groups (288.7 eV) and π-π* transition (290 eV) 

[23, 24]. 

Raman spectra were recorded from 750 to 3500 cm-1 on a Renishaw 2000 Confocal 

Raman Microprobe (Rhenishaw Instruments, England) using a 514.5 nm argon ion 

laser. To ensure the consistency of the results, at least five measurements were carried 

out for each sample. All spectra were corrected using the Si band at 520 cm-1. The 

resulting Raman spectra were evaluated with a fitting method using two Gaussian 

functions and three pseudo-Voigt profiles in the first-order region from 800 cm-1 to 

2000 cm-1. The Raman spectra were normalized and then the baseline of the spectrum 

was subtracted using Shirley correction before fitting. 

The specific surface area was calculated from the N2 adsorption isotherms at 77 K 

using the BET equation. The analysis was carried out in ASAP 2020 Micromeritics 

equipment using over 100 mg of sample for each test. Samples were degassed at 300 ºC 

for 3 h under vacuum prior to the test. The error of the experiment data found was less 

of 8% in all cases.  

The dispersion of the different graphene materials into the epoxy matrix (uncured) 

was studied by optical microscopy with a NIKON DS–Fi2 microscope. On the other 

hand both, the structure of graphene materials and their dispersion in the cured samples, 

were studied using TEM JEOL 2000 EX-II instrument operating at 160 keV. 
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The thermal conductivity of uncured resin dispersions was studied with KD2-Pro 

thermal analyzer at 25 ºC. The error of the experiment data was found to be less than 

1% in all cases. The thermal diffusivity (α) of cured samples was measured on a laser 

flash thermal analyzer (NETZSCH-LFA 447 Microflash, Germany). The analyzed 

samples were square-shaped with dimensions 10x10x2 mm. 

Electrical conductivity of the cured composites was determined on an ALPHA 

high-resolution dielectric analyzer (Novocontrol Technologies GmbH) with voltage 

amplitudes of 1 V ac and 0 V dc over a frequency range of 10-1 – 107 Hz at room 

temperature. Five cylindrical samples, 20 mm diameter and ~1.5 mm thickness, were 

measured between two parallel gold-plated electrodes.  

 

3. Results and discussion 

3.1. Characterization of the graphene materials  

The main features of the different graphene materials were investigated prior to the 

preparation of the composites. The flash pyrolysis exfoliation of GrO at 300 °C causes a 

reduction of the oxygen content from 49.3 to 30.8 wt.% obtaining a partially reduced 

graphene oxide (TRGO-300). Beyond 1000 ºC, the oxygen content decreases drastically 

(1 wt.%) and it practically disappears in the case of the graphene obtained at 2000 ºC 

(0.2 wt.%) (Table 2). The type of oxygen functionalities present in the graphene 

materials was studied by XPS. Fig. S1 presents the C1s core level spectra of the different 

samples, which is in all cases an asymmetric band that can be fitted by seven 

components. Table 2 shows the percentage of the different species.  
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Table 2. Oxygen content determined by elemental analysis and fitted results of C1s 

core level XPS spectra 

Sample 
Oa 

(wt.%) 
Csp2 
(%) 

Csp3 
(%) 

C-OH 
(%) 

C-O-C 
(%) 

>C=O 
(%) 

COOH 
(%) 

π- π* 

GrO 49.3 6.0±1.3 35.8±5.0 6.1±1.2 27.7±2.3 11.5±5.9 13.0±3.6 0.0 

TRGO-300 30.8 43.3±2.2 24.5±1.0 10.3±1.7 11.6±0.7 3.9±0.8 6.4±0.2 0.0 

TRGO-1000 1.0 67.8±0.3 15.1±0.3 11.7±1.2 0.0 4.2±0.2 0.0 1.2±0.1 

TRGO-2000 0.2 82.7±1.3 10.1±0.3 5.9±1.3 0.0 0.0 0.0 1.3±0.2 
a Determined by elemental analysis 

 

The C1s core-level spectrum of GrO shows a bimodal distribution. Most of the 

carbon atoms present sp3 hybridization due to the covalent bonds with oxygen atoms 

formed during the highly oxidative Hummers reaction. Most of the oxygen groups in 

this sample have been assigned to epoxy, carbonyl and carboxylic groups in agreement 

with results previously reported [24-26]. TRGO-300 shows an increase in the carbon sp2 

content as a result of the removal of the most labile oxygenated groups such as 

carboxylic, epoxy and carbonyl groups [27-29]. At higher annealing temperatures (1000 

°C), the epoxy and carboxylic groups were entirely removed, being the remaining 

oxygen mainly in the form of hydroxyl groups [19, 23]. As a consequence of the 

aromatic restoration, a weak band appears around 290.5 eV which is assigned to π-π* 

transition. Meanwhile, the asymmetric band of the core-level C1s of the TRGO-2000 

can be fitted to only four bands: a very intense one corresponding to aromatic carbon 

(sp2) and the other three less intense, corresponding to the carbon with sp3 

hybridization, hydroxyl groups and π-π* transition, respectively [19, 23]. 

The XRD patterns also show significant differences between the samples. GrO 

shows an XRD pattern with the characteristic strong and sharp signal at 2q = 10º [19]. 

Thermal exfoliation/reduction of GrO produces aggregated and randomly packed layers 

with a broad and low intensity diffracted signal centered at 23º-26º (Fig. S2). The 
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broadening of the peak in TRGO-300, could be due to the abrupt process of flash 

pyrolysis exfoliation favoring the removal of water molecules and more labile oxygen 

groups such as carboxylic groups. Compared to other diffractograms reported in the 

literature for this reduction temperature [29], no significant peaks were found at 10º-15º 

due to an effective exfoliation/reduction process. As a consequence of this thermal 

exfoliation/reduction, the interlaminar distance d002 decreases from 0.852 nm, in the 

case of GrO, to 0.371 nm. The Lc value found for TRGO-300 is significant lower 

compared to GrO, which indicates the decrease in the periodicity in the c-axis as a result 

of the thermal exfoliation treatment. Furthermore, there is a drastic decrease of the 

number of layers, estimated from Lc, after the exfoliation process, resulting in ~4 layers 

for TRGO-300.  

When increasing the temperature of the thermal treatment up to 1000 ºC, an 

interlaminar distance of 0.360 nm was calculated from the peak centered at 24º. In this 

case the broad peak was ascribed to the presence of hybrid structures with sp2 and sp3 

hybridization [29]. 

The peak in TRGO-2000 is more intense and sharper due to a significant increase 

of the crystalline quality as a result of the higher temperature of the treatment. The 

reflection (002), centered at 26º, corresponds to the interlaminar distance of 0.341 nm, 

close to that of pristine graphite [30]. The sharp peak reveals the presence of large 

graphitic domains with a large crystallite size in the c-axis (6.10 nm) and crystallite size 

in the a-axis (11.56 nm) (Table 3). Hence, a significant restoration of aromatic domains 

was achieved with this high annealing treatment corroborating the XPS results.  
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Table 3. BET surface area and XRD data of the graphene materials 

 SBET XRD 

Samples (m2/g) d002 (nm)a Lc (nm)b nc La (nm)d 

GrO 45 0.852 9.60 12 26.20 

TRGO-300 251 0.371 1.18 4 7.31 

TRGO-1000 467 0.360 1.39 5 8.43 

TRGO-2000 161 0.341 6.10 19 11.56 
a interlaminar distance; b crystallite size in the c-axis; c number of layers estimated by XRD 

from (Lc/d002)+1; d crystallite size in the a-axis calculated from (100) reflection. 

 

As the aromatic network is restored, morphological changes occur in the structure 

causing low sheet roughness, as observed by TEM (Fig. 1). Thus, the morphological 

changes achieved in the graphene sheets causes the stacking of the layers, increasing the 

estimated number of layers to 19. Therefore, the used protocol, i.e. flash pyrolysis 

exfoliation and subsequent thermal reduction, produces more exfoliated graphene 

materials with fewer number of layers compared to other GMs obtained in previous 

studies [19]. 

 

Figure 1. TEM images of a) GrO b) TRGO-300 c) TRGO-1000 and d) TRGO-2000 
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Raman spectroscopy reflects the significant structural changes occurred during the 

annealing treatment. The first order Raman spectra of graphene materials shows a 

characteristic G band, around 1580 cm-1, which is due to the vibration of the aromatic 

domains in the basal plane assigned to the zone center phonons of Eg symmetry. The 

peak at 1360 cm-1 (D-peak) is attributed to phonon A1g symmetry [31]; while the peak 

around 1615 cm-1 (D’-peak) is ascribed to the disorder produced by crystal defects, such 

as atomic vacancies (Fig. 2) [32]. Moreover, two additional peaks were introduced to 

the fitting of these first-order Raman spectra; the I-peak, at around 1200 cm-1, related to 

disordered graphitic lattice by sp2-sp3 bonds at the edges of network [33], and the D’’-

peak, at 1500 cm-1, related to the amorphous lattices in carbon materials [34].  

 

Table 4. Intensity ratios of characteristics peaks after deconvolution of Raman 

spectra 

Samples ID/IG II/IG ID’’/IG ID’/IG 

GrO 1.12±0.03 0.13±0.01 0.37±0.03 0.26±0.03 

TRGO-300 1.21±0.04 0.11±0.02 0.38±0.09 0.34±0.03 

TRGO-1000 1.48±0.05 0.13±0.02 0.23±0.06 0.25±0.01 

TRGO-2000 0.18±0.08 0.00±0.00 0.04±0.01 0.10±0.03 

 

The intensity ratio of D and G bands provides information on the crystallinity of the 

materials and the disorder in the basal-plane [35]. GrO spectrum exhibits a broad and 

prominent D band, mainly due to the presence of large amounts of oxygenated 

functional groups and atomic vacancies (ID/IG=1.12). The ID/IG ratio increases with the 

annealing temperature to reach a maximum with TRGO-1000 (ID/IG=1.48). Even though 

at this temperature, most of the oxygenated groups (mainly epoxy ones) have been 

removed the high value measured could be explained considering the small average size 

of the restored aromatic domains in the basal plane [19]. Moreover, a significant 
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decrease of D''-peak was observed (Table 4), corroborating the partial aromatic 

restoration in the basal plane. Beyond this temperature, as in the case of TRGO-2000, 

the aromatic domain is significantly restored and, hence, the ID/IG ratio decreases to 

0.18, which is close to pristine graphite values [35]. Additionally, the almost 

disappearance of the I and the significant decrease of D'' and D’ peaks is in agreement 

with the reduction of edge defects and atomic vacancies as a consequence of the high 

temperature of the thermal treatment. 

 

Figure 2. Raman spectra of GrO and TRGOs 
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The morphological and structural changes of the graphene materials previous 

discussed (Fig. 1) were also revealed by the BET results (Table 3). These values vary 

from 45 m2/g for GrO to a maximum of 467 m2/g for TRGO-1000, due to the abrupt 

expansion of the graphite oxide layers caused by the removal of occluded water and the 

more labile oxygen groups.  

As discussed above, the reduction treatment at higher temperatures results in tightly 

packed material (TRGO-2000) due to the large aromatic domain restauration (Table 2). 

This fact favours the re-stacking of the material by π-π* interactions, thus explains the 

increase of Lc value and a decrease in the BET specific surface area (Table 3). Due to 

these morphological changes, a lower roughness of the layers compared to the other 

TRGOs was observed by TEM (Fig. 1d). 

These four graphene materials with notable morphological, chemical and structural 

differences were further used as reinforcement in epoxy resin to evaluate not only their 

dispersion in the polymer matrix but also their transport features. 
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3.2. The effect of GMs morphology on their dispersability into the epoxy resin 

matrix 

Prior to the study of the transport properties of graphene filled epoxy composites, 

the dispersion of GrO and the TRGOs into the uncured epoxy resin was investigated by 

optical microscopy. The micrographs show a homogeneous dispersion of the graphene 

materials in the resin (Fig. 3), with significant differences among them.  

 

Figure 3. Neat resin dispersion with 0.13 vol. % of GMs 

 

While the different behavior in the dispersion could be explained based on the BET 

specific surface areas and the oxygen content, it appears that the dominant factor is the 

BET surface area. It would be expected that both GrO and TRGO-300, with a high 

oxygen content, i.e. more polar, would readily dispersed in the epoxy resin, also polar. 

However, both materials show the presence of agglomerates, being smaller in the case 

of TRGO-300 due to the larger BET surface area compared to GrO. The formation of 

large agglomerates of graphene oxides has previously been observed [36] and has also 

been ascribed to the weak interactions between matrix and particle. Comparing the 
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dispersion behavior of the different TRGOs, the most homogeneous dispersion in the 

resin corresponds to TRGO-1000, followed by TRGO-300 and, then TRGO-2000, 

which is directly related to their BET surface area (467, 251, and 161 m2/g, 

respectively). This dispersion trend with respect to the specific surface area is 

maintained with the concentration of the GMs, but we observed an increase of the size 

of the aggregates (Figure S4). 

Therefore, BET surface area is the key factor on the dispersion degree of TRGOs 

since it can allow the intercalation of the epoxy resin chain between the layers, 

preventing the formation of agglomerates. 

The dispersion after curing was studied by TEM (Fig. 4). The curing protocol does 

not seem to alter the dispersion degree observed by optical microscopy. Again, the best 

dispersion is achieved for TRGO-1000 and the most prominent aggregates are observed 

in GrO and TRGO-2000.  

 

Figure 4. Representative TEM images of the 2.06 vol. % GMs/epoxy composites 

showing the effect of chemical composition and BET surface area on the dispersion 
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3.3. Electrical conductivity of the composites 

Impedance spectroscopy, as a function of frequency, of the obtained composites 

was also studied and the conductivity calculated from the modulus of the complex 

impedance and the sample geometry. The dielectric properties of the GMs/epoxy 

composites at different loading nanofiller contents are represented in Figure 5. The 

conductivity spectra present the typical behaviour of two-phase systems: below a 

concentration, the AC conductivity is linearly dependant with the frequency, and, above 

it, the conductivity presents a plateau up to a critical frequency, where the dispersion 

regime is again observed. This behaviour is commonly described by the percolation 

theory [37], which states the existence of a concentration, or percolation threshold, 

where the filler forms a conductive network. The critical frequency is ascribed to the 

dominant character of the capacitor admittance of the insulating matrix. In a composite, 

the AC conductivity is composed of two terms: 

     (I) 

where  is the direct current conductivity, A is a pre-exponential factor and s is 

an experimental parameter with values between 0 and 1 [38]. For insulating materials s 

= 1. Hence, from Eq. I, the DC conductivity values can be obtained by extrapolating the 

broadband AC conductivity to 10-1 Hz.  

 

 

 

 

 

 

 



  

17 

 

 

Figure 5. AC electrical conductivity versus frequency of a) GrO b) TRGO-300  

c) TRGO-1000 and d) TRGO-2000 composites. 

 

Figure 6 shows DC conductivity for the composites studied as a function of 

nanofiller content. The dotted areas show the electrical percolation region for each type 

of GM. The electrical percolation is attained at lower loading fractions, 0.8 vol.% for 

TRGO-300 while TRGO-1000 at 1.6 vol.% forms the most effective filler network, 

resulting in high values of electrical conductivity. The lower percolation threshold of 

TRGO-300 compared to TRGO-1000 could be related to a good interaction between the 

TRGO-300 and the matrix that would eliminate micro-voids that hinder the formation 

of a conductive network [39, 40]. Meanwhile, the high electrical conductivity of TRGO-

1000 can be ascribed to a balanced combination of two critical parameters: a sufficient 

aromatic restoration of the basal plane (Table 2) and the large BET surface area (Table 
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3), which results in a good dispersion state. Such dispersion is considered to enable the 

electrical conduction via tunnelling between adjacent graphene material layers [41]. The 

GrO composites do not show significant changes in electrical conductivity, which 

indicates that the percolation threshold is not reached. The oxygen groups in the basal 

plane, the large aggregates and low BET surface area of GrO would hinder the electrical 

conductivity of the fillers and their interconnection. 

 

 

Figure 6. DC electrical conductivity of the GMs/epoxy composites as a function of the 

filler content 

 

It could have been expected that TRGO-2000, with the most aromatic restored 

lattice, would be the ideal GMs-filler, as observed in our own previous work [42]. This 

study showed that the electrical conductivity depended on the reduction temperature of 

the GMs, reaching its maximum with graphene material reduced at 2000 °C. This 

conflicting result could be due to the different epoxy matrices used for the studies and, 

hence, differences on the filler/matrix interaction and/or the different initial graphite 

source use for the oxidation. Therefore, to study the first option, we analyzed the 
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possible interaction of the hardener and oxygen groups of the GMs. Hence, we reacted 

the graphene materials with diethylenetriamine (DETA) in the same conditions as for 

the curing process. XPS measurements of the reacted materials revealed the formation 

of covalent bonds C-N in all cases except for TRGO-2000 (Table 5).  

 

Table 5. Atomic percentage of C, O and N of the functionalized GMs  

 

 

 

 

The possible reactions are epoxide ring opening and reduction of carbonyl groups 

[43, 44] (Fig. 7). The large quantity of oxygen in GrO and TRGO-300 (in the form of 

epoxy and carbonyl groups in the basal planes) is susceptible to be attacked by the 

amine groups of hardener agent. Although functionalization of the carbon nanofillers 

can reduce their intrinsic conductivity, it also results in a good dispersion state and, as 

already discussed, more electrical percolation pathways [39, 40]. The oxygen groups of 

TRGO-1000 are mostly hydroxyl groups in the basal plane [23]. However, there are still 

enough remaining carbonyl groups susceptible to be attacked by the amine. Meanwhile, 

TRGO-2000 showed no formation of C-N bonds, due to the lack of oxygen groups 

amenable to amination. We are currently analyzing the possible interactions with the 

epoxy resin used on our previous work and the effect of the starting graphitic material to 

corroborate these assumptions.  

Sample C (%) O (%) N (%) 

FGrO 76.0 19.3 4.7 

FTRGO-300 82.4 14.4 3.2 

FTRGO-1000 94.9 4.5 0.6 

FTRGO-2000 96.8 3.2 -- 
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Figure 7. Schematic representation of possible reaction of oxygen groups of GMs and 

DETA 

 

Hence, the BET surface area and oxygen functionalization of GMs play a decisive 

role in the formation of the percolation network and, subsequently, in the electrical 

properties achieved on epoxy composites. 

 

3.4. Thermal conductivity of the uncured nanofluids and diffusivity of the cured 

composites 

The thermal conductivity of composites containing carbon fillers is known to 

depend on the interfaces between the fillers and matrix, the dispersion of the fillers, and 

the intrinsic thermal conductivity of the fillers [45]. Likewise, the thermal conductivity 

of films of graphene oxide reduced at different temperatures has also been reported to 

vary with the annealing temperature. Renteria et al. and Huang et al. showed an upward 

trend of the thermal conductivity with the reduction temperature, reporting in-plane 

conductivity values from about 14 to 61 W m−1 K−1 at room temperature for 300 °C and 

1000 °C annealing temperatures, respectively [46], and 106 W m−1 K−1 and 826.0 W 

m−1 K−1 for 1200 °C and 2800 °C annealing temperatures, respectively [47]. The 

combination of these factors makes the development of high thermal conductivity 
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polymer composites a challenging endeavor and limited studies can be found in the 

literature on the subject. Several studies on the thermal conductivity of GMs/epoxy 

composites have showed its dependency with the GM characteristics, such as size [48], 

waviness [49] and number of layers [50] and surface functionalization [51-53]. Here, we 

analyze the combined effect of several of those factors through the annealing 

temperature of thermally reduced graphene on uncured and cured samples.  

Initially, the thermal conductivity of the uncured state was determined at room 

temperature since it is a key parameter that can affect the curing variables and, hence, 

the cross-link density and the final properties of the system. Previous studies of 

graphene nanofluids [54], formed by a stable suspension of the graphene nanoparticles 

in a base fluid host, have shown that the thermal conductivity follows a modified 

effective medium theory developed by Maxwell, which can be reduced to the ratio of 

the nanofluid thermal conductivity to the thermal conductivity of the base fluid [54]. 

Figure 8 presents the relative thermal conductivity (lNF/lER, where lNF is the thermal 

conductivity of the nanofluid and lER is the thermal conductivity of the epoxy resin) and 

the thermal conductivity enhancement as a function of the loading fraction.  

 

Figure 8. Relative thermal conductivity and thermal conductivity enhancement of the 

uncured dispersions. 
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The thermal conductivity of the nanofluids presents a positive trend with both the 

loading fraction and the annealing temperature. This GrO does not significantly affect 

the effective thermal conductivity of the system, probably due to the presence of large 

quantities of oxygen groups in the basal plane. The presence of oxygen groups i.e, 

epoxy, hydroxyl, carbonyl and carboxylic, can act as scattering point for the phonons 

through the graphene layers. The reduction of the GrO improves the relative thermal 

conductivity of the nanofluids (Figure 8.b), up to 9%, 31% and 99% in TRGO-300, 

TRGO-1000 and TRGO-2000 at 2.06 vol.%, respectively. The improvements of the 

thermal conductivities for both TRGO-300 and TRGO-1000 are in good agreement with 

previously reported studies [55]. Meanwhile, the thermal conductivity enhancement 

observed with TRGO-2000 is among the largest reported in the literature [54]. This 

dependency of the thermal conductivity with the annealing temperature is related to the 

resistance to heat flow at the interface, known as Kapitza resistance, which depends on 

the structural composition and morphology of the graphene materials. Hence, the best 

performance of the TRGO-2000 sample would be the result of its greater aromatic 

restoration, the absence of the oxygen groups and the presence of several layers. These 

characteristics would result in better vibration of the network, minimize coupling losses 

and improved the transport of phonons between layers [56].  

Looking at the cured composite diffusivity, which is proportional to the thermal 

conductivity, we observed a similar trend with the loading fraction (Figure 9). This 

almost linear dependency with the loading fraction has previously been reported in 

various polymer composites [57]. Meanwhile, the dependency with the GM annealing 

temperature presents a slightly different behavior to that of the uncured state. GrO, 

TRGO-300 and TRGO-1000 samples have similar diffusivity values, in the 0.12 to 0.17 

mm2/s range. Meanwhile, TRGO-2000 again shows the best performance with 
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diffusivity enhancements varying from 20 to 142 %. As previously discussed, such 

different behavior could be related to the absence of the oxygen groups on the surface of 

the TRGO-2000. While the interaction of the hardener and oxygen groups at the 

GM/epoxy interfaces could lead to reducing the thermal resistance, the intrinsic thermal 

conductivity of the filler is decreased with functionalization [57]. The effect of filler 

functionalization on the thermal conductivity is still a subject of study but, according to 

the literature, it appears to be more detrimental with scarce studies reporting only 

marginal enhancement [57].  

 

Figure 9. a) Thermal diffusivity and b) thermal diffusivity enhancement of the cured 

composites 

 

4. Conclusions 

The transport properties are strongly influenced by the structural composition and 

morphology of graphene materials obtained by varying the temperature of the thermal 

exfoliation/reduction of graphite oxide. The dispersion was analyzed by microscopy 

techniques in both uncured and cured state. The GMs with high BET surface area show 

the best dispersion results. Thermal conductivity of composite presents a clear 

correlation with the structural and chemical composition of GMs, being optimum in 

case of TRGO-2000 due to high aromatic restoration and structural performance. On the 
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contrary, the electrical properties are determined by the interaction between the GMs 

and the dispersion in the polymer. We demonstrated the possibility to modulate the 

thermal and electric properties by changing the quantity and type of graphene material. 

The ability to modulate chemical composition and structure of graphene materials and 

understand the interaction between filled and polymer matrix involved holds significant 

advantages for the transport application.  
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Figure S1. Deconvolution of C1s core-level of the different GMs 
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Figure S2. XRD patterns of GMs and the deconvolution of (100) and (101) peaks 
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Figure S3. General spectra of XPS measured of GMs 
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