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a b s t r a c t 

In this work, polymeric composites of epoxy matrix reinforced with 1D and 2D nanocarbon allotropes are 

reported. Hybrid 3D nanostructures formed from 1D multi-walled carbon nanotubes and 2D graphene 

derivatives improve the electrical and thermomechanical response of the synthesized nanocomposites. 

Additionally, oxygenated moieties in the surface of the sp 2 carbon allotropes positively influences the 

dispersion of nanomaterials in the matrix and promote better interfaces among the polymeric matrix 

and reinforcements. Raman spectroscopy detects the different interactions of polymeric chains with car- 

bon nanomaterials in different loads. Furthermore, Raman mapping shows the carbon dispersion regions 

and the influence on the final mechanical properties of the materials. The viscoelastic response evalu- 

ated by Dynamical Mechanical Analysis shows improvements of up to 138% in the storage modulus of 

nanocomposites with oxidized nanostructures in comparison to neat epoxy. 3D nanostructures changed 

the insulating nature of epoxy when the carbon nanomaterials formed the interconnected network. Some 

nanocomposites show an abrupt change from the insulator epoxy resin toward a semiconductor response, 

mainly in hybrids reinforced with pristine multi-walled carbon nanotubes and reduced graphene ox- 

ide. The TEM images of the nanocomposites showed interconnections between the 1D-2D hybrid carbon 

nanomaterials, which suggest a synergetic effect. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent years, the study of sp 

2 carbon allotropes has increased 

xponentially because of their outstanding and intrinsic proper- 

ies. The carbon nanomaterials possess different nanostructure di- 

ensions due to their different morphologies. Thus, there are four 

roups of carbon allotropes based on the sp 

2 electronic configura- 

ion: fullerenes, nanotubes, graphene, and graphite, as zero (0D), 

ne (1D), two (2D), and three (3D constructed by the nanostruc- 

ures with fewer dimensions) dimensional. Consequently, like their 

redecessors (the carbon fiber reinforced composites), polymeric 

anocomposites reinforced with carbon nanomaterials have be- 
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ome an essential piece in the field of materials, seeking to achieve 

igh performance and multifunctional properties [1] . Therefore, 

ifferent approaches to improve the physical properties have been 

eveloped involving the incorporation of one nanostructure into a 

olymeric matrix [2–7] . Nevertheless, the use of high amounts of 

hese materials negatively affects the final mechanical properties. 

hus, recent research has focused on obtaining better properties 

n nanocomposites with low nanostructure content. For instance, 

D nanostructures built from two or more nanomaterials have pro- 

ided a new generation of multifunctional nanocomposites [7–12] . 

Graphene is considered the base of all graphitic materials [13–

5] . The properties of graphene-derived nanomaterials are stun- 

ing. Unfortunately, π- π effects and the high Van der Waals forces 

f the materials (a result of its electronic configuration) restrict 

he complete transfer of its mechanical properties in nanocom- 

osites when they are used as reinforcements [ 16 , 17 ]. In other 
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ords, the carbon agglomeration issues in polymeric nanocompos- 

tes have not been resolved yet. 

Different methods have been applied to disperse carbon nano- 

einforcements in polymeric matrices, such as magnetic stirring, 

hree-roll mill, or ultrasonic waves. The latter has shown good re- 

ults [18] . Furthermore, complementary treatments such as chem- 

cal functionalization improve the dispersion through the affinity 

reated among the functional groups and the matrix [5] . Hence, 

raphene-based materials acquired better interphase because of 

unctional groups produced on their synthesis or functionaliza- 

ion [ 19 , 20 ]. The graphene oxide (O2D) obtained from the chem- 

cal route exhibits plenty of oxygen-containing functional groups 

ver its surface [19] . Cote et al. [21] mentioned that the O2D has 

any sites with both hydrophilic (oxygen functional groups) and 

ydrophobic (aromatic regions) nature acting as adhesion points 

o the polymeric matrix. O2D acts as a surfactant to disperse the 

raphite, and the carbon nanotubes (CNT) were useful for disen- 

angling them and co-assembling a hybrid 3D nanostructure. This 

ybrid offers the advantage of two kinds of nanostructures with 

utstanding results. 

Nowadays, the study of 3D hybrid nanostructures is focused 

n transferring their outstanding properties to polymeric matri- 

es for high-performance nanocomposites. There are reports of im- 

roved mechanical properties like hardness [22] , tensile [ 16 , 23 , 24 ],

nd flexural [22] . Some reports have also focused on the electri- 

al and thermal performance [ 16 , 23 , 24 ]. Moreover, the viscoelas- 

ic response of hybrid-reinforced polymeric composites has been 

eported [ 17 , 25 , 26 ]. Im and Kim [26] synthesized composites us-

ng O2D and multi-walled carbon nanotubes (M1D). They obtained 

igher values for both the storage modulus (E’) and the glass tran- 

ition temperature ( T g ) of the epoxy. In that research, they high- 

ighted the importance of oxygen-containing functional groups in 

mproving the carbon reinforcements and matrix affinity. Besides, 

hey observed improvements in thermal conductivity. However, it 

equired the addition of a large amount of carbon nanomaterials 

approximately 36 wt% and 50 wt% of blends of O2D and M1D for 

he thermal and mechanical response, respectively). 

Araby et al. [25] demonstrated the establishment of conduc- 

ive 3D networks. In this work, the 1D nanostructures (M1D) act 

s nanowires that transport electrons and stress to 2D nanostruc- 

ures (graphene nanoplatelets, GNPT). Hence, the 1D-2D intercon- 

ected nanostructures work as a conductive path. Also, there are 

mprovements in the hybrid reinforcement dispersion in the elas- 

omeric matrix. The better dispersion reflects enhancements in the 

esistance to dynamic deformation due to the confinement of poly- 

eric chains by the network M1D-GNPT. 

This research reports the viscoelastic and electrical response 

f 1D & 2D carbon-reinforced nanocomposites. The Dynami- 

al Mechanical Analysis (DMA) exhibits the influence of blends 

ith functionalized and non-functionalized nanomaterials over 

he epoxy matrix. The thermomechanical results of 1D-2D rein- 

orced nanocomposites suggest the appearance of 3D nanostruc- 

ures. Electrical measurements show the synergetic effect obtained 

rom the bridging between 1D & 2D geometries of nanomaterials. 

his effect impacts the electrical behavior of composites synthe- 

ized with a low carbon content. 

. Materials and methods 

SUNNANO supplied the M1D. The M1D size ranges for the outer 

iameter and length are 10–30 nm and 1–10 μm, respectively. The 

raphite powder (GRA) was purchased from Electron Microscopy 

cience. The GRA is spectra-grade with an ash content < 2 ppm. 

Sigma-Aldrich supplied most of the reagents used in the chem- 

cal functionalization of the 1D nanomaterials and the obtention of 

he 2D nanomaterials. The reagents were potassium permanganate 
2 
KMnO 4 , 99%) and nitric (HNO 3 , 70%), sulfuric (H 2 SO 4 , 98%), and 

ydrochloric (HCl, 37%) acid. No reagent from the list above was 

odified for use. Additionally, Baker supplied the hydrogen perox- 

de (H 2 O 2 , 30%) and ascorbic acid (LAA, this reagent was used in 

n aqueous solution at 20 mM). 

For the epoxy matrix, the reagents used were 4,4 ′ - 
sopropylidenediphenol diglycidyl ether (DGEBA, molecular weight 

40.41 g mol -1 from the datasheet) and 1,2-diaminoethane (EDA, 

 99.5%, molecular weight 60.1 g mol -1 from the datasheet). 

ccording to the manufacturer, the stoichiometric EDA/DGEBA 

atio is 8.8 w/w. 

.1. 2D materials synthesis 

The O2D and reduced graphene oxide (RG2D) were synthesized 

y following the steps reported in [27] . Briefly, the graphite oxide 

GRAOX) resulted from the oxidation of the GRA in a mixture of 

ulfuric acid (H 2 SO 4 , 98%) and potassium permanganate (KMnO 4 , 

9%) under magnetic stirring at 35 °C for 3 h. 

For the O2D, 100 mg of GRAOX and 10 ml of water (distilled) 

ere put in an ultrasound bath (Autoscience model 10200B) at a 

requency of 40 kHz for 3 h at room temperature. The reduction 

eaction was made by adding the LAA with 1 mg ml -1 to the O2D 

olution under magnetic stirring for 20 min at 95 °C [28] . GRAOX, 

2D, and RG2D were dried for 12 h after their synthesis at 65 °C 

nder an air atmosphere (oven, Felisa FE-291 AD). 

.2. Functionalization of 1D reinforcements 

The functionalization used for the 1D carbon nanomaterials in- 

olves two principal steps [27] . The first consisted of immersing 

he M1D in a blend of H 2 SO 4 and HNO 3 (3:1 molar), and then 

he mixture was ultrasonicated for 30 min (Autoscience 10200B) at 

0 kHz. The second step was to irradiate the acid sonicated M1D 

ith microwaves (MW) immersed in H 2 O 2 . The exposure time was 

lternating between 1 min on and 1 min off and repeating this 

our times. After the oxidation, the multi-walled carbon nanotubes 

O-M1D) were dried and stored for later use. An in-depth descrip- 

ion of the 1D functionalization, 2D synthesis, and the resulting 

aterials is provided in a previous report [27] . 

.3. Synthesis of nanocomposites 

The DGEBA and EDA reagents (10:1) were the matrix and hard- 

ner, respectively, for the nanocomposites. The nanomaterials were 

dded in selected quantities to the epoxy to form two experiment 

atrices, as shown in Table 1 . The mentioned quantities also were 

elected to avoid agglomerations, as other works mentioned [29–

1] . Based on our previous work [27] , two methods to transfer the 

esin to the mold with a geometry according to the norm ASTM 

4065 (35 mm × 10 mm × 3.2 mm) were compared. The first 

ethod used for the multidimension nanocomposites (DI) con- 

isted of pouring all the mixture (epoxy and 1D-2D reinforcement) 

n one-step followed by curing at 46 °C in an oven for 1 h ( Fig. 1 a).

For the second method (multilayer nanocomposites (LA), 

ig. 1 b), the polymer matrix and a calculated amount of nanore- 

nforcement were stacked four times. In other words, 6 g of resin 

ith 1D or 2D nanomaterials built one layer according to the 

xperimental matrix (see Table 1 ). After the nanomaterials were 

dded to the resin, the mixture was put in an ultrasonic bath (Au- 

oscience 10200B) for 1 h at 40 kHz. The blend was then poured 

nto the mold and cured for 1 h at 46 °C. Subsequently, another 

ayer was added over the cured material. This procedure was re- 

eated four times, pouring one layer of 2D reinforcement followed 

y a layer of 1D reinforcement. 
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Table 1 

Set of names used for the multidimension (DI) and multilayer (LA) nanocomposites ∗ depending on the percentage and 

the kind of nanoreinforcements added. 

Neat epoxy 

M1D M1D M1D-O2D M1D-RG2D O-M1D-O2D O-M1D-RG2D 

0.1 wt%. 0.5 wt%. 0.1–0.1 wt% 0.1–0.1 wt% 0.1–0.1 wt% 0.1–0.1 wt% 

O-M1D O-M1D M1D- O2D M1D- RG2D O-M1D- O2D O-M1D- RG2D 

0.1 wt%. 0.5 wt%. 0.1–0.5 wt% 0.1–0.5 wt% 0.1–0.5 wt% 0.1–0.5 wt% 

O2D O2D M1D- O2D M1D- RG2D O-M1D-O2D O-M1D-RG2D 

0.1 wt%. 0.5 wt%. 0.5–0.1 wt% 0.5–0.1 wt% 0.5–0.1 wt% 0.5–0.1 wt% 

RG2D RG2D M1D- O2D M1D- RG2D O-M1D-O2D O-M1D-RG2D 

0.1 wt% 0.5 wt% 0.5–0.5 wt% 0.5–0.5 wt% 0.5–0.5 wt% 0.5–0.5 wt% 

∗In the discussion, the materials indicated as DI refers to multidimension nanocomposites, and LA matches to the mul- 

tilayer nanocomposites. Both nomenclatures are related to the methodology of synthesis. 

Fig. 1. Schematic diagram of the synthesis of (a) DI and (b) LA nanocomposites. 
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Fig. 2. Raman spectrum of DI nanocomposites (a) Neat epoxy DI; (b) M1D 0.1 wt% 

DI; (c) O-M1D 0.1 wt% DI; (d) O2D 0.1 wt% DI; (e) RG2D 0.1 wt% DI; (f) M1D-RG2D 

0.1–0.1 wt% DI; (g) O-M1D-O2D 0.1–0.1 wt% DI. 
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.4. Characterization 

Raman spectroscopy was carried out using a Witec 300 Ra- 

an microscope with a 532 nm laser (resolution of 1 cm 

−1 ). 

or Raman mapping, images were obtained by integrating the 

 band in a quadrate region (50 × 50 μm 

2 ) from the fracture 

ones. DMA was performed on a Perkin Elmer DMA 80 0 0 in a 

ual cantilever clamp and in multi-frequency mode. The mea- 

urements were carried at 1 Hz with a heating rate of 10 °C 

in 

−1 from room temperature to 150 °C. Sample dimensions were 

5 mm × 10 mm × 3.2 mm according to ASTM D4065. Eq. (1) was 

sed to calculate the crosslinking density ( νe ) in the epoxy [32–

5] and carbon-reinforced nanocomposites [36] . E msm 

is the mini- 

um storage modulus, T is the temperature at the rubbery plateau 

one, and R is the ideal gas constant. 

e = E msm 

/ 3 RT (1) 

Images of thin slices of the nanocomposites cut by a micro- 

ome were acquired by transmission electron microscopy (JEOL 

EM-1010) at a voltage of 80 kV. For the electrical measurements, 

he two tips method was used. The SPA B1500A equipment pro- 

ided current versus voltage curves. An electro-sputtering Denton 

acuum Desk V with a silver target was used to prepare samples 

or electrical measurements for 60 s. The silver was deposited on 

ne face with a 35 mm × 10 mm dimension for the DI nanocom- 

osites and on one face with a 35 mm × 3.2 mm dimension for 

he LA nanocomposites. A longitudinal space of ∼2 mm was left to 

nstall the equipment probes in the specimen center. 
3 
. Results and discussion 

.1. Raman spectroscopy 

The Raman spectra of the nanocomposites present significant 

ifferences for the epoxy. Fig. 2 shows evident shifts and widen- 

ng of signals at approximately 1235, 1254, 1303, and 1584 cm 

−1 , 

hich correspond to the radial breathing mode (RBM) of aromatics 

ings [ 37 , 38 ], stretching of the ring-O bond [ 39 , 40 ], in-plane ring

ode [41] , and ring stretching of the para-di-substituted aromatic 

42] , respectively. 

The full width half maximun (FWHM) of the stretching mode of 

oth the ring-O bond and para-di-substituted aromatic (1254 cm 

−1 

nd 1584 cm 

−1 ) show a broadening in the composites with car- 

on nanoreinforcements. For the nanocomposites with hybrid 1D- 

D reinforcement, the values of the FWHM tend to be higher, only 

elow some signals of the M1D 0.1 wt% DI. However, for the para- 

isubstituted benzene (1584 cm 

−1 ) signal, the FWHM values of the 

ybrid nanocomposites are above the rest ( Table 2 ). This change 

n the signals can result from the interaction of the carbon nanos- 

ructures and the polymeric chains. Hence, the collective response 

riginates from the electronic clouds that modify the Raman sig- 

al [43] . Dresselhaus et al. [44] related the Raman signals to the 

an der Waals forces existing in the carbon-carbon nanostructures 

nd carbon-polymeric chains. In this research, the hybrid nanos- 

ructures influence the interactions. 

Besides, a different arrangement or disorder in the polymeric 

hains influenced by the nanomaterials could exist [45] . In partic- 

lar, a strong, marked influence of the π- π interactions can be re- 
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Table 2 

Raman signals of nanocomposites DI. 

Vibrational mode 

Sample RBM of aromatic rings Phenyl-Oxygen (Ether) 1,4 δ in the plane of the benzene ring Para-disubstituted benzene 

cm 

−1 FWHM cm 

−1 FWHM cm 

−1 FWHM cm 

−1 FWHM 

Neat epoxy DI 1235 32.8 1254 8.8 1303 35.5 1584 9.6 

M1D 0.1 wt% DI 1226 42.3 1252 9.9 1298 35.3 1591 7.4 

O-M1D 0.1 wt% DI 1231 30.6 1254 9 1299 35.8 1583 9.9 

O2D 0.1 wt% DI 1231 35.9 1254 7.9 1299 33.3 1582 11 

RG2D 0.1 wt% DI 1231 30.5 1254 8.5 1299 35.2 1583 11 

M1D-RG2D 0.1–0.1 wt% DI 1228 33 1254 9.4 1301 38.9 1582 11.7 

O-M1D-O2D 0.1–0.1 wt% DI 1231 29.1 1254 9.8 1299 36.6 1584 10.9 
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ected in the Raman signal [46] . For instance, in aromatics rings, 

he signal related to the “para-di-substituted benzene ring” in M1D 

.1 wt% DI is more influenced. Compared to the other samples, this 

omposite could have more influence because of the aromatic rings 

resent in the pristine nanotubes. The “RBM of aromatic rings”

nd the “1,4 in-plane ring” mode (around 1235 and 1303 cm 

−1 , 

espectively) exhibit a redshift. These displacements can be associ- 

ted with the axial deformation of the C 

–C bond under load and 

ispersion of the nanostructures, as other authors have mentioned 

 47 , 4 8 ]. Paipetis [4 8] reported that the interfacial stress transferred

rom the epoxy matrix to the nanomaterials produces signal shifts 

nd broadening in the Raman peaks. 

Wang et al. [49] reported the modification in the Raman signals 

ue to the interaction of carbon nanostructures and liquid crystals. 

hey made a comparison between two liquid crystals either with 

r without aromatic rings present in their structure. Their results 

xhibited changes in the Raman spectra for the first one and no 

ariations in the second case. This observation can be attributed 

o the aromatic ring structure of materials where the strong π- π
nteraction exists. 

.2. Raman mapping 

The impact strength and the Scanning Electron Microscopy 

SEM) analysis of these composites were analyzed in-depth in a 

revious report [27] . The observations of SEM fractography pro- 

ided visual details of the fracture front displacement and patterns. 

owever, the density and distribution of nanomaterials could only 

e analyzed indirectly. Here, the fracture analysis of the of epoxy 

nfluenced by carbon reinforcements produces significant differ- 

nces in the Raman mapping depending on the reinforcement con- 

ent and dispersion; thus, the Raman mapping detects specific sig- 

als of sp 

2 carbon allotropes, such as the D or G bands. In this way,

he polymeric samples are analyzed faster and with a high degree 

f correlation to SEM, as has been reported by other authors [50] . 

Fig. 3 a shows a confocal image of the fracture surface, which 

orresponds to the nanocomposite M1D-RG2D 0.5–0.5 wt% DI. The 

resence of V and river patterns points to an alteration in the 

echanism due to absorbed fracture energy by nanocomposites, 

fter the addition of sp 

2 carbon allotropes. Hence, the patterns 

uggest plastic strain during fracture. Therefore, the area observed 

n the confocal image was selected for Raman mapping analysis. 

irst, the surface was scanned for the typical carbon nanomaterial 

ignals. Then, the signal characteristics of carbon identified by the 

aman spectroscopy allowed for the creation of a 2D image. It is 

ecessary to mention that the objective is mainly to identify areas 

ith a higher density of nanomaterials. 

Fig. 3 b shows the Raman spectra from a region with a large 

mount of nanoreinforcements (red spectrum) and a small amount 

f nanoreinforcements (blue spectrum). Both are based on the G 

ignal intensity from carbon nanomaterials. The Raman mapping 

llows us to obtain images of the fracture zone at different depths, 
4 
ntegrating the region between 1565 and 1610 cm 

−1 (as Fig. 3 c il- 

ustrates). Also, stacking the images from different Z-axis positions 

f the fracture surface results in a 3D reconstruction, as Fig. 3 d 

hows, as other authors have reported for some materials [ 51 , 52 ]. 

According to the reinforcement added, Fig. 4 shows the frac- 

ure surface differences. Red and blue zones in the 2D images rep- 

esent the highest agglomeration and the absence of carbon rein- 

orcements, respectively. Fig. 4 a corresponds to neat epoxy DI; this 

icture shows a smooth and mirror-like surface with confocal mi- 

roscopy. Consequently, its Raman mapping does not show the G 

and activity, resulting in a smooth mapping as shown by the 2D 

nd 3D views (the minor presence of blue and red dots can be at- 

ributed to the noise generated during the testing of the materials, 

ot to the nanomaterials). For the M1D 0.5 wt% DI nanocompos- 

te ( Fig. 4 b), the 2D and 3D maps showed activity for the signal 

f 1D reinforcement even when the confocal image does not show 

lastic strain patterns. 

In Fig. 4 b, 1D agglomerations can be observed as a Raman map- 

ing evidenced in red zones. Besides, the blue zones reveal the 

imited presence of carbon nanomaterials in some regions, affect- 

ng the mechanical performance. Raman mapping reveals the ma- 

erial composition, pointing to carbon agglomerations that confo- 

al microscopy could not detect. 3D reconstruction gives an extra 

on-destructive tool to study the spatial distribution of the carbon 

anomaterials, as exhibited in Fig. 4 . 

Figs. 4 c-d reveal correlations between the relief in the frac- 

ure patterns (confocal image) and the highest concentrated car- 

on nanomaterial regions. The superposition of the 2D Raman map 

ver the confocal image exhibits the same pattern. This result sup- 

orts the fact that the nanostructures deviate from the fracture 

ront. Samples RG2D 0.5 wt% DI and M1D-RG2D 0.5–0.5 wt% DI 

mprove the Raman mapping analysis due to the high presence of 

p 

2 nanostructures. Consequently, it provides evidence of agglom- 

ration and empty zones. This behavior is not exclusive to these 

wo samples; all nanocomposites exhibited a similar response in 

his analysis. This characterization technique offers an alternative 

nalysis tool to complete the fracture surface study, as shown in 

ig. 4 b-c. 

.3. Dynamical mechanical analysis 

.3.1. Glassy state of DI nanocomposites 

Fig. 5 shows the behavior of the storage modulus (E’) versus 

emperature. The results exhibit a different response of E’ at 37 °C 

fter adding reinforcements 1D, 2D, or the blends 1D-2D to the 

poxy matrix. 

The E’ values at 37 °C for hybrid multidimensional nanocom- 

osites (O-M1D-O2D 0.1–0.1 wt% DI and M1D-RG2D 0.1–0.1 wt% 

I) are higher in comparison to the rest of nanocomposites. Other 

orks [ 10 , 23 , 26 , 27 , 53-61 ] report ( Table 3 ) that the combination of

p 

2 carbon allotropes generates this kind of improvement because 

f a synergistic effect between nanostructures. 
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Fig. 3. (a) Confocal micrograph of the fracture surface of M1D-RG2D 0.5–0.5 wt% DI nanocomposite; (b) Raman spectrum nanocomposite from the red and blue zones 

in Raman mapping; (c) integration maps based on G band of carbon nanoreinforcement; (d) reconstructed 3D zone of the fracture surface of M1D-RG2D 0.5–0.5 wt% DI 

nanocomposite. 
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Li and Wang 2019 [62] reviewed the literature on hybrid 

anostructures for energy storage and conversion. In that work, 

hey classified core/shell, cactus-like, and sandwich-like 1D-2D 

ybrid nanomaterials. In the case of the sandwich-like 1D-2D 

anomaterials, synergized nanostructures (SLN) are described as 

ell-dispersed 1D nanomaterials incorporated into the 2D layer- 

tructured materials. Hence, the improvements in the electrical 

nd mechanical features in nanocomposites are originating from 

he SLN, and the 2D sheets perturbed by 1D nanostructures to 

revent agglomerations is mentioned as a key factor [62] . Con- 

equently, the continuous network formed by 1D-2D nanostruc- 

ures is favorable for fast electron transfer. Moreover, the resulting 

arge specific surface area of interconnected 1D-2D nanostructures 

s also available to form enriched interphases, either physical or 

hemical (depending on the reinforcement), with the matrix. 

According to Table 3 , the thermomechanical response of 1D-2D 

anocomposites has been scarcely studied. Hence, to explain the 

iscoelastic response of 1D-2D nanocomposites, parameters such 

s the reinforcement concentration need to be studied in detail. 

n the present research, we focused on the effect of the concen- 

rations shown in Table 1 . Also, a comparison among the non- 

unctionalized and functionalized nanomaterials used to obtain 1D- 

D hybrid carbon nanomaterials and their impact on E’ was carried 

ut. A comparison of our findings with another research was estab- 

ished. It is determined that the 1D-2D hybrid reinforcement effect 

SLN) was similar to that described by Li and Wang (2019). From 

his type of reinforcement, E’ in some hybrid reinforced nanocom- 

osites showed a stiffness of almost twice the value at a glassy 

tate compared to the epoxy matrix. Moreover, the T g exhibited 

isplacements to higher temperatures compared to the polymeric 

atrix. 

The results obtained in this work also coincide with those re- 

orted by Jen and Huang [60] , who compared the properties of 

 reinforced nanocomposite with a concentration fixed at 4 wt% 

f a 1D-2D hybrid in different ratios ( Table 3 ); the best ratio ob-

ained for 1D and 2D was 1:9. The fixed concentration proposed 

y the authors [60] was based on previous reports and consider- 

ng the tensile response but only at room temperature. In other 
5 
esearch, Im and Kim [26] observed an increase in the E’ during 

MA analysis for temperatures above T g due to the 1D-2D rein- 

orcement. E’ for the matrix was initially above the nanocompos- 

tes until approximately the T g value, where the 1D-2D nanocom- 

osite changed to high E’ values. In this case, the reinforcement 

ercent added was 50 wt% because of the synthesis method. In the 

tudy published by Shen et al. [58] , the E’ values are not reported. 

nstead, they focus their discussion on the increase in the T g due 

o the SLN effect from 1D-2D reinforcement. These results match 

ith those observed in our research for T g ; however, this topic is 

iscussed later. 

Table 4 shows the parameters E’ and T g generated by DMA. The 

ybrids show a higher E’ compared with the rest of the nanocom- 

osites. This behavior suggests that the packing of 2D nanomate- 

ials is disturbed by M1D. Simultaneously, 2D nanoreinforcements 

ffer ample planar geometry to interact with the 1D nanomateri- 

ls to form 3D hybrid structures [26] . In other words, the available 

rea to form an interface amongst the epoxy resin and nanorein- 

orcements increased considerably. Additionally, π- π interactions 

mongst the 1D & 2D nanostructures give an extra restriction ef- 

ect to polymeric chains [ 8 , 54 , 63 , 64 ], impacting the E’ values. The

igh E’ values even at low percentages of carbon added point to 

ell-dispersed reinforcements, as other authors have mentioned 

 65 , 66 ]. 

The existence of oxygenated moieties in reinforcements favors 

he intercalation among 1D & 2D materials promoting different in- 

eractions [ 7-10 , 14-18 ]. Consequently, nanostructures can cause an 

ncrease in the stiffness of the epoxy resin. This response is em- 

hasized in the blends with O-M1D, as the results show [67] . 

Fig. 6 shows E’ thermograms of neat epoxy DI and nanocom- 

osites O-M1D-O2D and O-M1D-RG2D. In this figure, the whole 

omposites exhibit the highest E’ compared to the neat epoxy DI 

n both the glassy and the rubbery plateau. For the O-M1D-O2D 

anocomposites, the storage modulus diminishes as the 2D rein- 

orcement increases. As Montazeri et al. [65] commented, it can be 

ttributed to the formation of agglomerates. As the results suggest, 

he agglomerates inhibit the synergistic effect between the blend 

f the 1D & 2D nanostructures. 
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Fig. 4. Raman fracture analysis of epoxy matrix and DI nancomposites. Confocal images of fracture surface zones (left), Raman mapping of fracture surface built from G band 

of carbon reinforcements (center) and 3D Raman image (right) obtained from (a) Neat epoxy DI; (b) M1D 0.5 wt% DI; (c) RG2D 0.5 wt% DI; (d) M1D-RG2D 0.5–0.5 wt% DI 

nanocomposites (the red and blue zones showed the highest and the lowest presence of carbon reinforcements). 

Fig. 5. DMA results (E’ vs. temperature) of the neat epoxy DI and nanocomposites 

DI. 
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The viscoelastic response depends on parameters such as dis- 

ersion obtained, the quantity of reinforcement, geometrical char- 

cteristics of nanostructures (dimension), and the interfaces of the 

olymer-reinforcement and reinforcement–reinforcement [ 7 , 68 ]. 

ombining these parameters promotes better interaction of the O- 

1D-O2D blend at a low amount of 2D reinforcement. Meanwhile, 

G2D nanocomposites require a high amount of 2D reinforcement 

n the mixture to obtain a high storage modulus. 

Table 4 shows the values obtained for the crosslinking density. 

t is observed that adding the sp 

2 nanomaterials impacts the reac- 

ion of the epoxy crosslink. The crosslinking density ( νe ) is related 

roportionally to the rubbery modulus. Hence, the general elastic 

esponse depends directly on the νe in epoxy-based nanocompos- 

tes. 

For the neat epoxy DI, the νe is 0.97 mol m 

- 3 . For the compos- 

tes with oxidized nanomaterials, the νe for O-M1D 0.1 wt% DI and 

2D 0.1 wt% DI is higher than epoxy DI. In contrast, when unox- 

dized nanomaterials are added at the same concentrations (RG2D 

.1 wt% DI and M1D 0.1 wt% DI), the νe values decrease. The RG2D 
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Table 3 

Hybrid epoxy-based nanocomposites reinforced with sp 2 carbon allotropes. 

Reinforcement 

1D-2D 

Reinforcement 

(%) Mechanical properties 

Dispersion 

method 

λ (W 

m 

-1 K -1 ) σ (S m 

−1 ) 

E’ (Pa) T g 
( °C) Raman Reference 

M1D -MGPs Ratio 0.1:0.9 at 

1 wt% 

3350 MPa Tensile 

modulus 65 Mpa 

Tensile Strenght 

US 0.321 ∼ ∼ One point [53] 

M1D-O2D Ratio 

49.52–0.48 at 

50 wt% 

∼ Wetting 

procces 

3 ∼ E’ ≈3 × 10 9 

T g ≈100 °C 
∼ [26] 

M1D-GNPT Ratio 9:1 at 0.5 

wt% 

3.1 GPa Flexural 

modulus 

TRM 0.7 ∼ ∼ ∼ [54] 

M1D –GNPT Ratio 1:1 at 5 

wt% 

∼ US 0.45 10 −2 ∼ ∼ [55] 

M1D –GN Ratio 1:1 at 3 

wt% 

148 KPa Tensile 

modulus 

US ∼ ∼ ∼ ∼ [56] 

M1D–GNPT Ratio 8:2 at 0.8 

wt% 

∼ Simultaneous 

US-magnetic 

stirring 

∼ 10 −6 ∼ ∼ [57] 

M1D-O2D Ratio 0.5–0.1 

phr 

∼ US ∼ ∼ T g ≈158 °C ∼ [58] 

M1D –GNPT Ratio 3:1 at 6.1 

wt% 

∼ US 0.9 10 −7 ∼ ∼ [23] 

M1D –GNP Ratio 0.1:0.4 at 

0.5 vol% 

3000 MPa Tensile 

modulus 2500 MPa 

Tensile strenght 

US ∼ 10 −1 (at 

0.8 vol%; 

ratio 

0.1:0.4) 

∼ ∼ [10] 

O-M1D-O2D 0.1 wt% −0.5 

wt% 

Impact resistance 5.84 

KJm 

−2 

US ∼ ∼ ∼ ∼ [27] 

A f −M1D- 

A f −MLG 

Ratio 1:1 at 1 

wt% 

2900 MPa Tensile 

modulus 2302 MPa 

Flexural modulus 

3217 MPa Tensile 

strenght 49 MPa 

Flexural stress199.4 

US ∼ ∼ ∼ ∼ [59] 

M1D-GNPT Fixed at 4 wt% 

with ratios of 

0:10, 10:0, 1:9, 

3:7, 5:5, 7:3, 

and 9:1 

∼ US ∼ E’ ≈1.6 ×
10 9 

T g ≈98 °C 

∼ [60] 

M1D-O2D Ratio 5:1 or 

0.2 wt% −0.04 

wt% 

2.35 MPa Tensile 

modulus 50 MPa 

Tensile strenght 

US ∼ ∼ ∼ ∼ [61] 

O-M1D-O2D 0.1 wt% −0.1 

wt% 

∼ US ∼ 10 −5 E’ ≈59.89 ×
10 9 

T g ≈118 °C 

Mapping This work 

Abbreviations: M1D, Multi-walled carbon nanotubes; O-M1D, Oxidized multi-walled carbon nanotubes; GNPT, Graphene nanoplatelets; GN, Graphene; O2D, Graphene 

oxide; RG2D, Reduced graphene oxide; GNP, Graphene nanopowder; A f −MLG, Amino functionalized multilayer graphene; A f −M1D, Amino functionalized M1D; MGPs, 

Multigraphene platelets; TRM, Three roll mill; US, Ultrasound; E’, Storage modulus; T g, Glass transition temperature; λ, Thermal conductivity; σ , Electrical conductivity. 
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s considered an “unoxidized” material given the reduction reac- 

ion, which separates most of the oxygenated moieties in O2D. 

hus, the νe results shown alterations in the crosslinking of the 

anocomposite caused by the covalent bonds among the reinforce- 

ent and matrix [ 17 , 63 , 68-71 ]. Besides, the interaction amongst 

olymeric chains surrounded by nanomaterials (secondary interac- 

ions) can be achieved, as other authors have mentioned [67–71] . 

.3.2. Glass transition of DI nanocomposites 

Fig. 7 shows the damping curves of neat epoxy DI and the DI 

anocomposites. The maximum in the Tan δ curve represents the 

emperature at which the glass transition occurs. After deconvo- 

ution of the peak, the Tan δ curve shows two signals registered 

n Table 4 . The first one corresponds to a glass transition tempera- 

ure ( T g ) of the material partially cured ( T gp ) and the second one to

 fully cured material ( T g ∞ 

) [70] . Monomer variation, an irregular 

ix between EDA-DGEBA, and oxygenated moieties can influence 

he cured state, inducing a second phase in the polymer [72–73] . 

Also, Fig. 7 shows tan δ peak positions. Nanocomposites show 

eaks of the tan δ at a higher temperature than the epoxy. This 

hange suggests better thermomechanical stability and stiffening 

ffect in nanocomposites [67] . Less movement of polymeric chains 

roduces shifts to high temperatures. Also, a high crosslinking en- 
7 
ourages decreased T g peak height [74] . Hence, the E’ of nanocom- 

osites is at least two times higher than the E’ of neat epoxy DI, 

hich indicates improvements in the elastic response. 

Fig. 8 shows Tan δ signals of neat epoxy DI and nanocomposites 

O-M1D-O2D 0.1–0.1 wt% DI, O-M1D-RG2D 0.1–0.1 wt% DI, O-M1D- 

2D 0.1–0.5 wt% DI, and O-M1D-RG2D 0.1–0.5 wt% DI). The whole 

omposites exhibit shifts in their T g ∞ 

to higher temperatures com- 

ared to neat epoxy DI. The polymeric chain movements are less 

n these nanocomposites than in pure epoxy, evidencing changes 

n the viscoelastic performance [ 26 , 57 , 58 , 64 ]. Gu et al. [75] at-

ributed the T g shifts to higher temperatures to the increase in 

he volume of confined polymer segments. In other words, if the 

onfinement points increase, the relaxation of polymer segments 

ecreases. Hence, T g will be observed at higher temperatures. Fur- 

hermore, the oxygenated moieties over carbon nanostructures im- 

rove the affinity of 1D & 2D nanostructures with the epoxy matrix 

nd the dispersion acquired for the O-M1D-O2D blends [ 17 , 20 ]. 

.3.3. Glassy state of LA nanocomposites 

Table 4 shows that most LA nanocomposites have a higher per- 

ormance than the neat epoxy LA. In the results of materials O- 

1D-O2D 0.1–0.1 wt% LA and O-M1D-RG2D 0.1–0.5 wt% LA, E’ in- 

reases around 63% and 50%, respectively, in comparison to the 
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Table 4 

Parameters obtained from DMA measurements of nanocomposites DI and nanocomposites LA. 

E’ at room 

temperature (GPa) 

% increment of E’ at 

room temperature Peak 1 T gp ( °C) Peak 2 T g ( °C) 

Crosslinking density νe 

(mol m 

− 3 ) 

Neat epoxy DI 26.42 Does not apply 84 115 0.097 

M1D 0.1 wt% DI 14.31 −46 90 121 0.090 

O-M1D 0.1 wt% DI- 38.59 46 86 122 0.135 

O2D 0.1 wt% DI 28.74 9 89 125 0.121 

RG2D 0.1 wt% DI 34.72 31 86 122 0.072 

M1D-RG2D 0.1–0.1 

wt% DI 

62.86 138 83 112 0.106 

O-M1D-O2D 

0.1–0.1 wt% DI 

59.89 127 86 118 0.155 

O-M1D-O2D 

0.1–0.5 wt% DI 

38.05 44 93 121 0.159 

O-M1D-RG2D 

0.1–0.1 wt% DI 

36.5 38 84 120 0.126 

O-M1D-RG2D 

0.1–0.5 wt% DI 

50.49 91 87 120 0.146 

Neat epoxy LA 18.2 Does not apply 82 116 0.073 

M1D 0.1 wt% LA 28.2 55 81 115 0.084 

O-M1D 0.1 wt% LA 21.19 16.5 83 115 0.105 

O2D 0.1 wt% LA 19.63 8 80 116 0.074 

RG2D 0.1 wt% LA 19.23 6 83 118 0.090 

O-M1D-RG2D 

0.1–0.1 wt% LA 

27.24 50 83 117 0.120 

O-M1D-O2D 

0.1–0.1 wt% LA 

29.57 63 82 110 0.086 

Fig. 6. Thermograms of DMA results (E’ vs. temperature) of the neat epoxy DI and 

nanocomposites DI of samples reinforced with O-M1D and 2D nanomaterials. 

Fig. 7. Tan δ curves of neat epoxy DI and nanocomposites DI reinforced with 1D & 

2D materials. 

Fig. 8. Tan δ curves of neat epoxy and nanocomposites DI reinforced with O-M1D 

and 2D nanomaterials. 
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poxy matrix. This increase occurs despite the interface between 

he layers of multilayer nanocomposites. It can be related to the 

mount of polymer used in each layer of the nanocomposites LA, 

llowing better dispersion in the ultrasonic bath. Consequently, the 

mpact of the additional interface between polymer layers is di- 

inished. Hence, the final thermomechanical properties obtained 

rom intercalating epoxy-1D and epoxy-2D can be explained as 

n indirect hybrid effect (not direct as in 1D-2D DI composites). 

or the O-M1D-O2D 0.1–0.1 wt% LA nanocomposite, the E’ value 

29.57 GPa) links the presence of moieties groups with the high 

erformance in the viscoelastic properties. The oxygenated moi- 

ties contribute to the affinity and dispersion amongst the carbon 

anomaterials and epoxy [76] . 

.3.4. Glass transition of LA nanocomposites 

Tan δ values in multilayer nanocomposites and epoxy LA show 

inimal differences ( Table 4 ). This behavior indicates that the 

arbon nanomaterials have a minimal influence on the epoxy 

rosslinking reaction. The νe parameter in LA nanocomposites 
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Fig. 9. The electrical conductivity of (a) nanocomposites DI, and (b) nanocomposites LA. 
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howed less influence on the T g value of carbon nanoreinforce- 

ents than the nanocomposites DI. The slight amount of car- 

on nanostructures dispersed in the LA nanocomposites avoids the 

trong influence on the stoichiometry of the cure reaction [ 77 , 78 ]. 

oreover, the order of stacking 1D-2D layers shows a strong influ- 

nce on the final properties of the nanocomposites, as the results 

uggest. 

.3.5. Electrical response of hybrid nanocomposites 

Fig. 9 shows the electrical conductivity ( σ ) of DI nanocompos- 

tes and LA nanocomposites. The conductivity was calculated from 

he current-voltage curve slope. Thus, the values in Fig. 9 are for 

he samples that show this curve. The rest of the nanocompos- 

tes exhibit a chaotic pattern in the measurements. For the epoxy 

atrix, some authors [ 79 , 80 ] have reported typical values for σ
f around 10 −12 S m 

−1 . For nanocomposites DI, the blends with 

ither M1D or RG2D exhibit changes in the electrical response. 

owever, for the sample M1D 0.1 wt% DI, no conductivity signal 

as detected (which explains its omission in Fig. 9 ). Therefore, the 

esults suggest that the nanomaterials added in this sample are 

ot enough to modify the electrical properties. Even though the 

echanical properties indicate good dispersion, this concentration 

oes not reach the percolation threshold for electrical conductivity. 

The nanocomposites O-M1D-RG2D 0.5–0.1 wt%, and RG2D 0.5 

t% exhibited a slight change in the electrical properties compared 

o the epoxy. Both nanocomposites show similar conductivity but 

ith different amounts of RG2D. For the material with 1D-2D hy- 

rid reinforcement, it can be inferred that the dispersion improves 

ith the addition of the 1D materials. Therefore, less amount of 

G2D can generate the electrical conduction network. These results 

re similar to those reported by Jen & Huang [60] , who observed 

hat the best filler ratio was 9:1 in a 10% hybrid M1D and GNPT. 

he response observed is attributed to the synergetic effect from 

wo geometrically different carbon nano-fillers. In other words, the 

1D built bridges between GNPT, preventing the agglomeration 

nd enhancing the dispersion of 2D nanomaterials. Jen & Huang 

60] mentioned the filler ratio on hybrid nanocomposites needs to 

e studied. Hence, the hybrid reinforcement offers a wide field of 

tudy where issues such as interaction with matrix (compatibility), 

gglomerations of 1D, stacking of 2D, and strategies of functional- 

zation have not yet been resolved [81] . 
9 
For the LA nanocomposites, the values of σ exhibit some dif- 

erences compared to the DI nanocomposites ( Fig. 9 b). The results 

uggest that the non-oxidized reinforcements and the dispersion 

n each layer encourage change in the electrical response. Simi- 

ar to the viscoelastic response, an indirect hybrid response in the 

anocomposite M1D-RG2D 0.5–0.5 wt% LA produces the highest σ
1.47 × 10 −6 S m 

−1 ). In contrast, the σ for the nanocomposites 

ith one nanomaterial, such as M1D 0.5 wt% LA and RG2D 0.5 wt% 

A, is 4.11 × 10 −9 and 5.41 × 10 −9 S m 

−1 , respectively. 

.3.6. Microstructure of nanocomposites at cured state 

Thin slices of nanocomposites were analyzed with TEM to in- 

estigate the dispersion of carbon nanostructures into the epoxy 

atrix. Fig. 10 a-b shows the distribution of carbon nanostructures 

n the epoxy matrix. Fig. 10 a shows that 1D carbon materials dis- 

ribute randomly on the epoxy composite for the composite O- 

1D 0.1 wt% DI. Distribution affects the mechanisms of reinforce- 

ent, consequently impacting the properties of nanocomposites 

ith M1D [ 82 , 83 ]. For the sample RG2D 0.1 wt% DI ( Fig. 10 b), ir-

egular and wrinkle flakes dispersed on the epoxy can be observed. 

The thermomechanical properties suggest a synergetic effect of 

D & 2D nanoreinforcements for some nanocomposites. There is 

o evidence of a correlation between the quantity of nanomate- 

ials added and mechanical performance. However, as E’ exhibits 

n some blends, there is the possibility that the combination of 

einforcements and their subsequent carbon-carbon and carbon- 

poxy interactions support the improvements. The latter is due 

o the synergy of carbon reinforcements over the epoxy as a net- 

ork among 3D hybrid nanostructures, as other authors have men- 

ioned [ 23 , 25 , 57 ]. Charitos et al. [84] reported a synergistic effect

mong M1D-O2D in a linear low-density polyethylene (LLDPE) ma- 

rix. They mentioned that the synergistic effect of the carbon nano- 

aterials leads to a decreased percolation threshold of electrical 

onductivity. The intercalation of M1D into the O2D bridges the 2D 

einforcement, as described by Li and Wang in 2019 [62] for SLN, 

nd then a conductive path is formed in the matrix. In this work, 

 hybrid bridging mechanism was formed, as the TEM images sug- 

est, (which was previously mentioned), ( Fig. 10 c-f). Consequently, 

he resulting interconnected network in DI nanocomposites is the 

rincipal factor in the mechanical and electrical changes. 
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Fig. 10. TEM micrographs of nanocomposites (a) O-M1D 0.1 wt% DI; (b) RG2D 0.1 wt% DI; (c) O-M1D-O2D 0.1–0.1 wt% DI; (d) M1D-RG2D 0.1–0.1 wt% DI; (e-f) M1D-RG2D 

0.5–0.5 wt% DI. 
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. Conclusions 

The hybrid 1D-2D carbon reinforcement on nanocomposites 

nd their thermomechanical and electrical performance have been 

nvestigated. 1D-2D reinforcements were obtained from the combi- 

ation of unoxidized and oxidized carbon nanomaterials at differ- 

nt concentrations. The combination of O-M1D and O2D showed 

he influence of functional groups on the dispersion and distribu- 

ion of nanoreinforcements into the matrix. Moreover, the oxidized 

arbon nanomaterials improve the compatibility with the matrix, 

s implied by the νe values. Then, the nanocomposites with hybrid 

einforcement reflect the higher E’ values. 

Raman mapping showed that the spatial distribution of car- 

on nanomaterials in the fracture surfaces match with the river 

atterns. This fact is a clear signal that the carbon nanomaterials 

nfluence the change in the brittle nature of the polymeric ma- 

rix. TEM micrographs of DI nanocomposites showed the zones 
10 
f 3D networks created from the 1D-2D carbon materials. Based 

n the two different geometries of graphene-based materials, this 

nterconnected network causes mechanisms of hybrid reinforce- 

ent. The electrical conductivity of the nanocomposites provides 

dditional evidence of the synergistic effect originated between 

arbon nanomaterials. In this test, the conductivity of the hybrid 

anocomposite increases by around four orders of magnitude com- 

ared to materials with only one kind of nanomaterial. The 1D-2D 

ybrid provides a route to synthesize multifunctional nanocompos- 

tes at low amounts of carbon materials. 
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