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ABSTRACT: Carbon nanostructures-silica aerogel composites were synthesized and 

characterized to assess the effect of carbon nanotubes (CNTs) or graphene oxide (GO) on the 

silica aerogel properties. The sol-gel chemistry was based on methyltrimethoxysilane 

(MTMS) and 3-aminopropyltrimethoxysilane (APTMS) as silica precursor system, with 

varying amounts of APTMS (0-20 % mol of Si). APTMS significantly impacted the 

materials’ physical properties. The chemistry and microstructure were investigated by FTIR, 

NMR, TEM, SEM, SAXS and BET: the addition of CNTs induced the growth of the silica 

matrix around them; thus, an elongated shape was observed in the silica structural units. 
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APTMS and CNTs have a synergistic effect on the mechanical properties, increasing the 

Young’s modulus up to 14 MPa. Small amounts of carbon materials (~1 wt%) in the MTMS-

matrix improved its thermal insulation property, particularly for temperatures above 50 oC. 

In terms of electrochemical properties, the carbon nanostructures lead to higher specific 

capacitances and a reduction in resistance. The characterizations here performed allowed a 

better understanding of the interactions between the silica and carbon phases. The possibility 

to obtain materials with tailored properties demonstrates their application potential in several 

areas, such as thermal insulation and energy storage. 

 

1. INTRODUCTION 

Composites of carbon nanostructures with silica aerogels exhibit improved mechanical, 

electrical and thermal properties [1], which are affected by characteristics of the individual 

components, as well as the carbon material morphology and the interactions between their 

constituents. In addition to providing new and enhanced properties to silica aerogels, the 

presence of such nanomaterials usually does not have a significant impact in the silica 

aerogels unique properties like low density (0.03 to 0.3 g.cm−3), high specific surface area 

(250 to 800 m2.g−1) and porosities higher than 90 %, with a combination of micro-, meso- 

and macroporosity [2].  

Despite the interesting properties of carbon materials like high electrical conductivity and, 

especially, high mechanical strength [3, 4], the use of carbon nanotubes (CNTs) or graphene 

as additives of silica aerogels has just recently began to be exploited [1, 5–10]. Most of the 

research works in the literature focus on studying the effect of the carbon nanomaterials on 

the thermal conductivity and adsorption capacity of silica aerogels. 

The majority of works where CNTs or GO are used lead to thermal conductivities between 

16 and 67 mW.m−1.K−1 [6, 10–15]. However, thermal conductivity values as low as 

7.2 mW.m−1.K−1 were achieved by Lei et al. [16], when 0.4 wt% of graphene oxide (GO) was 

added to tetraethylorthosilicate (TEOS)-based silica aerogels. However, this most likely is a 

strong underestimation since the determined thermal conductivity for the pure silica aerogel 

was also lower (8.9 mW.m−1.K−1) than the minimum values reported in the literature 



 

 

3 

(12 mW.m−1.K−1 [17] and 13 mW.m−1.K−1 [18]) for silica aerogels, at ambient pressure and 

temperature [19]. 

Regarding the adsorption capacity of aerogel composites with carbon nanomaterials, most 

of the studies focused on the adsorption of oils [20–23]. For diesel adsorption, multi-walled 

CNTs (MWCNTs)–silica aerogels developed by Huang et al. [20] showed an adsorption 

capacity of 28.48 cm3.g−1, indicating a synergistic effect between the MWCNTs and silica 

aerogel, since separately these materials showed adsorption capacities of 19.2 and 9.70 

cm3.g−1, respectively. Improved adsorption capacity was also achieved by Loche et al. [22] 

for the removal of mineral oil through the addition of 0.1 wt% of graphene to silica aerogel, 

increasing the adsorption capacity by more than 20 %, when compared to that of the reference 

SiO2 aerogel. 

The addition of carbon nanomaterials also impacts the mechanical properties of silica 

aerogels, as reported by Piñero et al. [9] and Hong-li et al. [6]. By adding only 0.5 wt% of 

CNTs into a TEOS-based silica matrix, Piñero et al. [9] were able to significantly improve 

the mechanical parameters, with the composite achieving a compressive strength of 0.9 MPa 

and a maximum deformation of 74 %, while the pure silica aerogel collapsed upon 0.2 MPa 

stress and withstood less than 50 % deformation. In the work developed by Hong-li et al. [6] 

the mechanical strength was also enhanced by the insertion of GO into TEOS-based silica 

aerogels, changing from 0.04 MPa to 0.65 MPa with the increasing of GO content, from 

0 wt% to 3 wt%. 

Besides the previously mentioned properties, Meng et al. [24] reported an improvement 

in the electrochemical performance for an amorphous SiO2@graphene aerogel (SiO2@GA) 

composite. Even though the graphene aerogel showed superior specific charge capacity and 

cycling performance at low current densities than those of the composite, the SiO2@GA 

exhibited better results at high current densities. The composite demonstrated high specific 

capacity, great cyclic stability and good rate capability, attributed to the aerogel three-

dimensional structure and the graphene aerogel doping, while maintaining large surface area 

(SBET = 396.9 m2.g−1) and high pore volume (VP = 0.67 cm3.g−1). Hence, the SiO2@GA was 

considered a promising candidate to be used as anode material in lithium-ion batteries. 
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Enhancing the unique properties of silica aerogels, as well as providing different 

characteristics by modifying their structure with distinct compounds, greatly relies on the 

chemical and physical characterization and the understanding of their micro- and 

nanostructure [25]. Until now, most studies combining carbon nanostructures with silica 

aerogels were carried out for composites with TEOS or water-glass as silica precursors. To 

the best of our knowledge, and except for our group’s work [10], research using 

methyltrimethoxysilane (MTMS) for developing carbon nanostructures-silica aerogel 

composites has not been reported, despite the evident importance of MTMS as a precursor 

for silica aerogels and foams [26–31]. Moreover, comparison studies of the impact of 

different carbon nanostructures in the same silica aerogel system are yet to be performed. 

Hence, the goal of this work is to provide better understanding on the effect of 1D (carbon 

nanotubes) and 2D (graphene oxide) carbon nanomaterials on the chemical, physical and 

structural properties of MTMS-based silica aerogels, and enabling a direct comparison of 

their influence in the final aerogel characteristics, particularly in their fine chemical structure, 

thermo-mechanical properties and electrochemical performance. The addition of APTMS 

was also tested as co-precursor in small amounts, in order to decrease the gelation time and 

avoid settling of the carbon phase. This parameter significantly influenced the silica network 

features, and its study is equally an important contribution of this study to the progress of the 

state-of-the-art of organically-modified silica aerogels. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Methyltrimethoxysilane (MTMS; purity ≥ 98 %, Aldrich; CH3Si(OCH3)3), (3-

aminopropyl)trimethoxysilane (APTMS; purity ≥ 97 %, Aldrich; H2N(CH2)3Si(OCH3)3), 

ethanol (absolute, Fluka; C2H5OH), oxalic acid anhydrous (purity ≥ 99 %, Fluka; C2H2O4), 

ammonium hydroxide (25 % NH3 in H2O, Fluka Analytical; NH4OH), 

hexadecyltrimethylammonium bromide (CTAB; purity ≥ 99 %, Sigma; C19H42BrN), 

poly(ethylene glycol) 600 (PEG; purity ≥ 99 %, Sigma; H(OCH2CH2)nOH), commercial 

multi-walled carbon nanotubes (CNTs; purity 90 %, Nanocyl, average diameter of 9.5 nm, 

average length of 1.5 µm, surface area of 250–300 m2.g−1), graphene oxide (GO; Graphenea, 
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concentration 0.4 wt%, monolayer content (at 0.05 wt%) ≥ 95 %), nitric acid (purity 70 %, 

Sigma Aldrich; HNO3) and tetramethyl orthosilicate (TMOS; purity ≥ 99 %, Aldrich; 

Si(OCH3)4) were used in this work. Graphite powder (Sigma–Aldrich), mineral oil (Sigma–

Aldrich), iron(III) chloride hexahydrate (purity 97 %, Sigma Aldrich, FeCl3.6H2O), 

potassium hydroxide (Merck, KOH) and ultra-pure water were also used. All reagents were 

used without prior purification. 

 

2.2. Surface modification of carbon nanotubes 

The multi-walled carbon nanotubes were submitted to two different surface modifications, 

as described in a previous work [10]. Briefly, MWCNTs were refluxed with concentrated 

HNO3 for 20 hours at 50 oC, followed by filtering and washing with distilled water, then dried 

at 60 oC overnight. These MWCNTs were designated as CNTs-HNO3. In the second surface 

modification protocol, the CNTs-HNO3 were submitted to a reflux with a 10 % silane solution 

(TMOS in a mixture of 70 % ethanol/30 % water) for 4 hours at 70 oC, then filtered and dried 

at 60 oC for 1 day; these carbon nanotubes were denominated as CNTs-TMOS. 

 

2.3. Synthesis of carbon nanomaterial-silica aerogel composites 

The composite materials were prepared by a two-step acid–base catalyzed sol–gel process 

with oxalic acid (0.01 M in water) as acid catalyst, ammonium hydroxide (1 M in water) as 

basic catalyst and ethanol-water as the solvent. The samples were prepared with different 

proportions of silica precursors (MTMS, as main precursor and APTMS, as co-precursor). 

The synthesized silica aerogels are denoted as xMyA, where x in xM is the mol percentage 

of Si from MTMS, y in yA corresponds to the mol percentage of Si from APTMS. For the 

composites with CNTs (1D composites) and graphene oxide (GO) (2D composites), the 

designations xMyA_CNT_z and xMyA_GO_z were applied, respectively, where z is the 

amount in mg of carbon nanomaterial added to the system. 

The use of surfactants was considered from the onset of this work to promote the 

dispersion of the carbon nanostructures in the silica sol. For the carbon nanotubes-silica 

aerogel composites, CTAB was the selected surfactant, as it ensures a good dispersion of the 

CNTs even in basic conditions [32]. The same surfactant was tested for the GO-silica aerogel 
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composites, however, when CTAB was added in the solution containing ethanol-water 

solvent and GO, a phase separation was observed (Figure S1). Thus, it was not possible to 

effectively disperse GO with CTAB. It was also tried to obtain the GO-silica aerogel 

composites without surfactant. Even though monolithic samples were achieved, SEM images 

showed that in this case, the GO was not evenly distributed in the samples, agglomerating in 

some parts of the silica matrix (Figure S2). So, it was necessary to use a different type of 

surfactant, PEG, for the GO composite samples, in order to obtain materials with better 

distribution of the carbon nanomaterial in the silica matrix. 

The synthesis process started with the addition of a surfactant, CTAB for the CNTs 

samples and PEG for the GO samples (∼4.0 wt% of the sol), into the solvent mixture 

(ethanol:water 50 %/50 % v/v), along with MTMS, followed by the addition of the acid 

catalyst. For the CNTs-silica aerogel composites, the suspension was sonicated for 

30 minutes before MTMS addition. For the GO-silica aerogel composites, the suspension 

was stirred for 5 min before MTMS addition. After 30 minutes of the optional stirring, 

APTMS was added to the solution, followed by the ammonium hydroxide. The synthesis 

procedure was performed under thermal control at 27 oC, gelation occurred within 15 minutes 

and the samples were aged for 7 days, at 27 oC. Surfactant removal was carried out by 

diffusional ethanol washing, performing 8 changes, while the samples were kept in an oven 

at 60 oC. The aerogel composites were dried at ambient pressure at 60 oC, for 3 days and then 

at 100 oC, for 3 hours. 

Different quantities of carbon nanomaterials were added to the composites: up to 200 mg 

for carbon nanotubes (∼0.6 wt% of the sol) and up to 100 mg for graphene oxide (∼0.3 wt% 

of the sol). For the composites containing CNTs, it was possible to obtain monolithic samples 

with higher amounts of carbon nanomaterial (400 mg), but they could not be dispersed 

homogeneously in the ethanol/water solvent mixture, leading to the formation of large 

aggregates of CNTs. For the GO composites it was not possible to obtain materials using 

only MTMS, since these samples did not become a gel, remaining completely liquid even 

after one-week. 
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2.4. Characterization of the aerogel composites 

As the main goal of this study is to compare the influence of 1D and 2D carbon 

nanomaterials in the silica aerogel matrix, several characterization techniques were employed 

to provide better understanding of the synthesized 1D and 2D carbon nanostructures 

containing silica aerogel composites. 

 

2.4.1. Chemical characterization 

Detailed information regarding the chemical structure of the aerogels network was 

obtained from Fourier Transform (FT) Infrared (IR) transmission spectroscopy. For FTIR 

analysis, a Jasco FTIR 4200 equipment was used, recording a total of 256 scans from 4000 

to 400 cm−1 with a resolution of 4 cm−1. The spectra were collected using the potassium 

bromide (KBr) pellet method, the pellets being prepared with 78-80 mg of KBr and 0.2–0.3 

mg of each aerogel. FT-Raman spectra were acquired with a Horiba Jobin-Yvon LabRAM 

HR-UV 800, micro-FT Raman spectrometer, using a laser excitation of 442 nm. The 

measurements were performed in the wavenumber range between 100 and 3000 cm−1, 

exposure times of 20 seconds and up to 10 accumulations. 

Solid-state nuclear magnetic resonance (SS-NMR) analysis was performed to assess the 

surface chemistry of the synthesized materials and to verify possible changes in the silica 

matrix caused by the addition of the 1D and 2D carbon nanomaterials. The spectra were 

collected as previously described by Malfait et al. [33, 34]. In summary, spectra were 

acquired with magic angle spinning (MAS) on a Bruker spectrometer equipped with a wide-

bore 9.4 T magnet, corresponding to Larmor frequencies of 400.2 MHz for 1H, 100.6 MHz 

for 13C, and 79.5 MHz for 29Si. To increase sensitivity, 1H–13C and 1H–29Si cross-polarization 

(CP) spectra were collected with 7 mm zirconia rotors, a spinning rate of 4500 Hz ± 2 Hz, 

and contact times of 2000 and 5000 µs, respectively. The spectra were acquired with a recycle 

delay of 2 s, i.e. between 1.3 and 4 times the 1H T1 relaxation times typically observed for 

silica aerogels (0.5 to 1.5 s). The samples were ground and compressed before analysis and 

the zirconia rotors were filled completely to maximize sensitivity. The chemical shifts are 

relative to tetramethylsilane using adamantane and Si rubber as secondary chemical shift 

standards. 
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2.4.2. Structural characterization 

The crystalline structure of the samples was evaluated using powder X-ray diffraction 

(XRD Philips X’PERT-PRO Diffractometer system), by collecting information in the range 

2-70o (2θ) with step size of 0.02o, at room temperature, using CuKα radiation (λ = 1.54 Å) 

and operated at 40 kV/50 mA. 

Bulk density (ρb) was determined by measuring and weighing the monolithic 

aerogels/composites, and the aerogel skeletal density (ρs) was measured by Helium 

pycnometry (Accupyc 1330, Micromeritics). The specific surface area (SBET) was assessed 

by nitrogen gas adsorption at 77 K (Gemini V2.00, Micromeritics Instrument Corp.), applying 

the Brunauer-Emmett-Teller (BET) theory in the relative pressure interval 0.05–0.25 of the 

adsorption isotherm. 

The porosity (equation 1) and pore volume (equation 2) were calculated using bulk and 

skeletal densities. The average pore size was estimated using the obtained values for pore 

volume and specific surface area (equation 3). 

Porosity (%) = (1 - ρb / ρs) × 100  (1) 

VP = (1/ ρb) – (1/ ρs)  (2) 

Average pore diameter = 4(VP)/SBET  (3) 

The morphology and microstructure of the developed materials was assessed by scanning 

electron microscopy (SEM; Hitachi, SU-70), operated at 15 kV, and scanning/transmission 

electron microscopy (STEM; STEM Hitachi 2700 and TEM JEOL, 2200FS), operated at 200 

kV. For SEM, powders were dropped directly onto a double-sided carbon tape. The material 

excess was removed under gentile nitrogen gas flow, and a conductive carbon thin film was 

deposited onto the specimens using a carbon rod coater (Emitech K950X). For TEM, the 

samples were dispersed in ethanol p.a., manually shaken for a few minutes, being a drop of 

this dispersion placed onto a 400 mesh copper grid with a continuous carbon film and left to 

dry in air. High-resolution (HR) TEM images were processed using the software Digital 

Micrograph 3.42. 

Small angle X-ray scattering (SAXS) was used to provide insight of the materials at the 

nanoscale, obtain information about primary and secondary silica particles, and study the 

influence of carbon nanomaterials’ addition on the nanopores formation. The SAXS analysis 
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was performed using a NanoStar instrument (Bruker AXS GmbH, Karlsruhe, Germany). The 

instrument was equipped with a micro focused X-ray source (Incoatec GmbH, Geesthacht, 

Germany), with a beam spot size of about 400 µm and Cu Kα radiation (λ = 0.154 nm). The 

scattering intensities from both background and samples were acquired for 60 s at 107 cm 

detector distance. A VÅNTEC-2000 Xe-based gas avalanche detector with 2048x2048 pixels 

and the pixel size of 68x68 µm was used. The minimum reliably measured scattering vector 

magnitude, qmin, is 0.1 nm−1, with q = (4π/λ) sin θ, where 2θ is the scattering angle. All 

experiments were carried out under vacuum (∼ 0.01 mbar) to minimize the background 

scattering from air. Powder samples were used for the measurements, with the samples being 

placed in a holder and secured with Kapton film. The background scattering from Kapton 

was subtracted from the experimental data prior to the data analysis. 

 

2.4.3. Thermo-mechanical characterization 

Thermal conductivity was assessed by the transient plane source (TPS) technique, at 20 oC 

(Thermal Constants Analyzer TPS 2500S, Hot Disk). For selected samples, this analysis was 

also carried out at different temperatures within the range of -25 oC to 175 oC. Thermal 

gravimetric analysis (TGA, TGA-Q500, TA Instruments) was used to determinate the 

maximum service temperature allowed for the synthesized materials. The analyses were 

performed from room temperature to 600 °C, with a heating rate of 10 °C.min−1, under 

nitrogen flow. For mechanical evaluation, uniaxial compression-decompression tests, on 

samples with approximately 15 x 15 x 10 mm3, were run using a load cell of 50 N, up to 

10 % strain at a deformation rate of 0.5 mm.min−1 [35, 36], and then back to residual strain 

by removing the load at the same speed. The Young´s modulus was obtained from the initial 

linear region of the loading curve and the energy loss coefficient was determined using 

equation (4) [37]:  

 Energy loss coefficient (%) =  Area under loading curve – Area under unloading curveArea under loading curve    x 100  (4) 
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2.4.4. Electrochemical characterization 

Potentiodynamic electrochemical cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) measurements were performed by using a PalmSens portable 

potentiostat/galvanostat, PalmSens4, integrating an EIS analyzer module. This device was 

controlled by the PSTrace 5.5 software (PalmSens, Netherlands). The cyclic voltammograms 

were recorded within the potential range of -0.5 to 0.2 V and scan rates from 5 up to 

400 mV.s−1. EIS measurements were performed at an open circuit potential, using a 

sinusoidal wave with an amplitude of 0.01 V and 73 data points logarithmically distributed 

over 0.01 –10000.0 Hz frequency range. A modified carbon paste electrode was the working 

electrode, a Pt wire the counter electrode and Ag/AgCl the reference electrode. The carbon 

paste (100 mg) electrode was prepared by carefully mixing graphite powder (50 % (w/w)) 

with aerogel samples (25 % (w/w)) and subsequently adding mineral oil (25 % (w/w)). The 

components were mixed manually in a mortar until complete homogenization. The obtained 

material was packed into an adequate support of electrode consisting of a cylindrical plastic 

tube (internal diameter 5 mm) with a copper rod inside used as an external electric contact 

[38]. The electrochemical experiments were carried out in a KOH 6M solution, using a three-

electrode system in one-compartment electrochemical cell of 5 mL capacity at 25 oC. 

The specific capacitances obtained from the CV were calculated by equation (5) [39–41]. 

 

CS=  (∫IdV)/(2 (υ m ΔV))   (5) 

 

where CS is the specific capacitance, ∫IdV represents the area under voltammetric curve, υ is 

the scan rate, m is the mass of aerogels used in the working electrode and ∆V is the potential 

window. 

 

3 RESULTS AND DISCUSSION 

3.1 Chemical characterization 

FTIR analysis showed that the presence of carbon nanomaterials was not detected in the 

spectra, even when higher amounts were used in the samples, with only the typical silica 

bands being identified. These findings were expected, as previously observed for carbon 
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nanotubes-silica aerogel composites [10]. In both examples of FTIR spectra shown in Figure 

1a, bonding between silicon and oxygen is observed, indicating that the precursors have 

originated a silica network. The symmetric stretching vibrations of the Si–O–Si bonds, the 

Si–C stretching vibration from the methyl group of MTMS and the bands associated to the 

longitudinal and transversal-optical components of the asymmetric stretching vibration of 

Si–O–Si appear around 760 cm−1, 835 cm−1, 1040 cm−1 and 1140 cm−1, respectively [42]. 

Regarding the use of different surfactants, such as PEG or CTAB, both composites aerogels 

present similar silica bands, indicating that the use of these different compounds in the 

synthesis does not have a major effect on the chemical structure of the silica network. 

 

 

Figure 1. Chemical and structural characterizations of carbon nanomaterials-silica aerogel composites: a) FTIR 
spectra, b) Raman spectra and c) powder X-ray diffraction patterns (normalized). (For color, refer to the online 
version). 
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The presence of carbon nanomaterials in the composites was then confirmed by Raman 

spectroscopy. The spectra for the aerogels synthesized with both 1D and 2D nanomaterials, 

carbon nanotubes [10] and graphene oxide (Figure 1b), exhibit the two characteristic 

absorption bands, D band (around 1350 cm−1) and G band. For the GO composite, the G band 

is at approximately 1597 cm−1, which agrees with the literature for GO with high levels of 

oxidation [43–45]. A broad signal near 500 cm−1, assigned to Si-O-Si bending vibrations and 

rings with 4 -Si-O- units (D1) [46–52], and a signal near 790 cm−1, also assigned to Si-O-Si 

vibrations, are observed in all composites, independent of the presence or concentration of 

1D and 2D carbon nanostructures. 

The effect of APTMS addition into the MTMS-based silica aerogel was studied by solid-

state MAS NMR, as illustrated in Figure 2. The 29Si spectra (Figure 2a) display the Tn 

resonances arising from Si atoms originating from the hydrolysis and condensation of MTMS 

and APTMS, with T3 corresponding to Si atoms with one carbon neighbor and three bridging 

oxygen atoms (BO) and T2 to Si atoms with one carbon neighbor, two BO and one non-

bridging oxygen (NBO) atom [53]. The 29Si spectra are very similar for all aerogels, with the 

T2 band (-58 ppm) accounting for only around 10 % of the T3 (-67 ppm) intensity [53], 

indicating a high degree of condensation of the trifunctional silane during aerogel synthesis.  

More significant differences between the samples were observed in the 13C spectra (Figure 

2b). When APTMS is added to the MTMS based aerogels, the carbons from aminopropyl 

chains are clearly visible in the spectra (at 11, 27 and 45 ppm with increasing distance from 

the amino group), and their intensity scales with the APTMS content used during synthesis. 

The position and width of the main Si-CH3 signal at -3 ppm remain unchanged upon APTMS 

addition. 

The influence of the use of different surfactants (CTAB and PEG) in the synthesis process 

on the final chemical structure of the silica aerogels was also assessed. The 1H–29Si CP MAS 

NMR spectra are near-identical when using PEG versus CTAB (Figure S3a). Even though 

the 1H–13C CP MAS NMR spectra are also quite similar, a small additional peak around 

73 ppm is observed for the sample synthesized with PEG, indicating the retention of a 

residual amount of PEG in the system (Figure 2c). It is possible that the retention of this 

surfactant is caused by the hydrogen bond interactions between the oxygen atoms and 
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terminal OH groups of PEG with the amino groups of the APTMS precursor or residual 

silanol groups in the silica network. Alternatively, some PEG may be possibly covalently 

bonded to the silica network through alcoholysis between the PEG terminal OH and residual 

silanol. Due to these strong interactions, it was evidently not possible to completely remove 

PEG from the system using only diffusional washing, although the presence of this surfactant 

is minor based on its low NMR intensity. It does not affect the chemical structure of the silica 

network, as confirmed by the already mentioned similarity of the 1H–29Si CP MAS NMR 

spectra. 

 

Figure 2. a) 1H–29Si solid-state MAS NMR spectra of MTMS based aerogels synthesized with variable APTMS 
content (0, 10 and 20 % of total Si atoms from top to bottom); b) 1H–13C solid-state MAS NMR spectra of 
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MTMS based aerogels synthesized with variable APTMS content (0, 10 and 20 % of total Si atoms from top to 
bottom); c) 1H–13C solid-state MAS NMR spectra of 80 % MTMS/20 % APTMS silica aerogels synthesized 
with CTAB versus PEG as surfactant; d) 1H–13C solid-state MAS NMR spectra of 90 % MTMS/10 % APTMS 
silica aerogels synthesized with and without CNTs; and e) 1H–13C solid-state MAS NMR spectra of 
80 % MTMS/20 % APTMS silica aerogels synthesized with and without GO. (For color, refer to the online 
version). 

 

The presence of carbon nanotubes has only minor effects on the 1H–29Si CP MAS NMR 

(Figure S3b) and 1H–13C CP MAS NMR spectra (Figure 2d). The 29Si spectra are nearly 

identical, indicating no major chemical changes in Si-O-Si condensation with or without 

carbon nanotubes, even though some differences between them are observed by the structure-

based analytical techniques such as TEM, SEM, SAXS and BET (see below). A direct 

detection of the used carbon nanomaterials with 1H–13C CP MAS NMR is not possible due 

to the low loading of these materials and relatively low sensitivity of SS-NMR. When 

graphene oxide was added into the silica matrix, some small differences could be observed: 

a broadening of the main CH3 peak (-2.6 ppm), as well as an intensity decrease and slight 

broadening of the APTMS peaks (Figure 2e). These differences indicate that more variations 

in the local environment around the methyl and aminopropyl groups occur in the presence of 

the GO sheets. 

Therefore, solid state MAS NMR results demonstrate that both 1D and 2D carbon 

nanomaterials do not prevent or significantly affect the condensation of the silica precursors 

into the three-dimensional network. However, the presence of carbon nanostructures with 

two dimensions (2D), in this case graphene oxide, has a small, but measurable impact on the 

local chemical environment of the organic groups. 

 

3.2 Structural characterization 

Powder X-ray diffraction patterns were obtained for the 1D and 2D carbon structures-

silica aerogel composites (Figure 1c). The broad XRD patterns indicate the amorphous nature 

of the materials. Two broad reflections are observed for both the GO and CNT composite 

samples. These peaks are typical for sol-gel derived materials from MTMS [54] and have 

been previously reported for 1D carbon nanotubes-silica aerogel composites [10]. The bands 

can be attributed to the d-spacing between silicon atoms linked to alkyl groups (methyl or 

propyl) (around 9º) and to those of the Si-O-Si network, similar to silica glass (around 22º) 
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[10, 54, 55]. As presented in Figure 1c, in the normalized patterns, the band around 9º for the 

GO-containing composites has higher relative intensity than the CNTs-containing 

composites. A possible explanation is the fact that GO has a typical reflection in this region 

assigned to the interlayer d-spacing around 0.87 nm [43, 56–61], but it is unlikely that the 

relatively low amount of GO can account for the large difference. 

The physical and microstructural properties of the reference silica aerogels and their 

corresponding 1D and 2D carbon-containing composites are summarized in Tables 1 and 2.  

Table 1: Physical and microstructural properties of the reference silica aerogels and CNTs-silica aerogel 

composites (CTAB as surfactant). 

Samples 
Bulk density Porosity 

Pore 

volume 

Specific 

surface area 

Average 

pore size 

(kg.m−3) (%) (cm3.g−1) (m2.g−1) (nm) 

100M [10] 75.3 ± 5.1 95.3 ± 0.1 12.6 ± 0.9 458.1 ± 2.2 110.5 ± 6.9 

100M_CNT-HNO3_10 72.8 ± 3.9 94.6 ± 0.1 13.0 ± 0.7 477.7 ± 1.7 108.8 ± 6.2 

100M_CNT-HNO3_50 90.7 ± 8.2 94.7 ± 0.1 10.4 ± 0.5 438.5 ± 2.4 95.2 ± 5.4 

100M_CNT-HNO3_100 92.1 ± 4.9 94.6 ± 0.1 10.3 ± 0.6 485.1 ± 2.6 84.7 ± 4.9 

100M_CNT-HNO3_200 96.6 ± 7.7 94.3 ± 0.2 9.8 ± 0.1 463.0 ± 2.5 84.4 ± 1.5 

100M_CNT-TMOS_10 [10] 75.6 ± 5.1 95.6 ± 0.2 12.7 ± 1.4 492.4 ± 4.0 102.7 ± 10.3 

100M_CNT-TMOS_50 65.4 ± 4.0 96.1 ± 0.1 14.7 ± 0.9 422.2 ± 6.8 139.3 ± 10.8 

100M_CNT-TMOS_100 77.8 ± 1.6 95.4 ± 0.2 12.3 ± 0.2 486.3 ± 2.1 100.9 ± 2.4 

100M_CNT-TMOS_200 82.9 ± 2.4 95.1 ± 0.1 11.5 ± 0.3 430.6 ± 7.3 106.5 ± 4.7 

90M10A [10] 80.9 ± 7.2 94.5 ± 0.3 11.7 ± 1.0 72.2 ± 1.3 647.4 ± 46.1 

90M10A_CNT-HNO3_10 81.9 ± 4.3 93.2 ± 0.2 11.4 ± 0.6 306.9 ± 4.3 148.4 ± 9.6 

90M10A_CNT-HNO3_50 95.6 ± 6.7 93.8 ± 0.1 9.8 ± 0.7 131.1 ± 1.6 299.6 ± 25.0 

90M10A_CNT-HNO3_100 92.1 ± 7.6 94.1 ± 0.2 10.2 ± 0.9 134.9 ± 1.7 303.0 ± 29.4 

90M10A_CNT-HNO3_200 101.4 ± 7.3 93.5 ± 0.1 9.2 ± 0.7 90.8 ± 2.5 406.2 ± 41.5 

90M10A_CNT-TMOS_10 [10] 84.6 ± 5.1 94.6 ± 0.1 11.2 ± 0.7 118.2 ± 2.1 387.3 ± 15.6 

90M10A_CNT-TMOS_50 81.9 ± 5.1 94.8 ± 0.2 11.6 ± 0.4 79.1 ± 1.1 669.7 ± 33.8 

90M10A_CNT-TMOS_100 86.9 ± 2.8 94.4 ± 0.1 10.9 ± 0.5 54.3 ± 0.8 800.5 ± 46.5 

90M10A_CNT-TMOS_200 83.1 ± 4.8 94.7 ± 0.1 11.4 ± 0.7 115.9 ± 2.4 393.2 ± 31.0 

80M20A [10] 381.7 ± 24.2 72.3 ± 1.6 1.9 ± 0.2 311.9 ± 7.7 24.3 ± 1.5 

80M20A_CNT-HNO3_10 474.6 ± 21.3 66.5 ± 0.8 1.4 ± 0.1 268.1 ± 5.2 20.9 ± 1.6 

80M20A_CNT-HNO3_50 381.1 ± 13.8 73.1 ± 0.4 1.9 ± 0.1 132.2 ± 1.7 58.1 ± 3.2 

80M20A_CNT-HNO3_100 437.7 ± 9.5 69.1 ± 0.1 1.6 ± 0.1 180.8 ± 2.4 34.9 ± 1.3 

80M20A_CNT-HNO3_200 427.4 ± 4.8 69.8 ± 0.1 1.6 ± 0.1 208.9 ± 2.7 31.3 ± 1.2 

80M20A_CNT-TMOS_10 [10] 142.2 ± 0.5 89.9 ± 0.2 6.3 ± 0.1 245.6 ± 3.2 103.0 ± 0.8 

80M20A_CNT-TMOS_50 386.4 ± 5.8 72.7 ± 0.1 1.9 ± 0.1 175.3 ± 2.4 43.0 ± 1.2 

80M20A_CNT-TMOS_100 355.3 ± 1.1 74.9 ± 0.4 2.1 ± 0.1 313.1 ± 4.3 26.9 ± 0.3 

80M20A_CNT-TMOS_200 305.1 ± 11.1 78.5 ± 0.4 2.6 ± 0.1 340.5 ± 3.8 30.2 ± 1.6 
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Table 2: Physical and microstructural properties of the reference silica aerogels and GO-silica aerogel 

composites (PEG as surfactant). 

Samples 
Bulk density Porosity Pore volume Specific surface area Average pore size 

(kg.m−3) (%) (cm3.g−1) (m2.g−1) (µm) 

90M10A 88.4 ± 3.0 93.7 ± 0.1 10.6 ± 0.4 9.4 ± 0.4 4.5 ± 0.2 

90M10A_GO_10 82.9 ± 4.2 94.1 ± 0.2 11.4 ± 0.6 5.5 ± 0.5 8.3 ± 0.7 

90M10A_GO_50 80.4 ± 3.3 94.3 ± 0.2 11.7 ± 0.5 25.8 ± 1.1 1.8 ± 0.1 

90M10A_GO_100 86.8 ± 3.4 93.8 ± 0.2 10.8 ± 0.4 34.3 ± 1.2 1.3 ± 0.1 

80M20A 79.2 ± 5.1 94.6 ± 0.1 11.9 ± 0.5 20.4 ± 0.5 2.3 ± 0.1 

80M20A_GO_10 76.1 ± 2.6 94.8 ± 0.1 12.5 ± 0.4 22.4 ± 0.8 2.2 ± 0.1 

80M20A_GO_50 73.8 ± 1.7 95.0 ± 0.2 12.9 ± 0.8 29.3 ± 0.9 1.7 ± 0.1 

80M20A_GO_100 73.5 ± 2.8 95.0 ± 0.1 12.9 ± 0.3 71.9 ± 1.1 0.7 ± 0.1 

 

The reference samples (without carbon nanostructures), independent of the surfactant 

type, have densities (75.3 to 88.4 kg.m−3) similar to the ones obtained for other MTMS-based 

xerogels and aerogels in the literature [30, 62, 63], with the exception of the material 

containing 20 % of APTMS synthesized with CTAB, that displays a higher value of bulk 

density (381.7 kg.m−3). The high density for this particular sample is related to the significant 

shrinkage suffered by this material during the drying step. 

Contrary to the bulk density, systematic variations in specific surface area are observed 

for the reference aerogels. The aerogels synthesized with CTAB as surfactant (Table 1), even 

for the higher density 20 % APTMS material, have higher surfaces areas than the aerogels 

produced with PEG as surfactant (Table 2). The difference in surface area reflects the distinct 

microstructures, as observed by SEM (Figure 3). The materials synthesized with CTAB have 

a finer microstructure, which leads to higher values of specific surface area, while the 

samples obtained with PEG have a coarser structure, with significant larger particles and 

pores, and, consequently, lower surface areas. 

The increase of amine amount added in the MTMS system with CTAB as surfactant, first 

results in a significant reduction (with 10 % of APTMS), followed by an increase in the 

specific surface area (with 20 % of APTMS), but not fully reaching the value of the 100M 

system. These variations can be related to the different particle radii obtained for these 

networks, as also observed for the different surfactants. As expected, the addition of amine 

groups leads to an increase in the particle radii, since the silica growth is not limited by cluster 

hydrolysis under more basic conditions [10, 64, 65], and therefore, lower values of specific 
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surface area are obtained for the resultant material. However, for the sample with 20 % of 

APTMS and CTAB, a decrease in the secondary particles’ diameters, associated with higher 

values of surface area, was observed. There are two possible explanations for this. First the 

higher amount of APTMS in the system can favor nucleation, so the silica particles growth 

is more distributed through the whole solution in a higher number of nuclei, leading to 

smaller particles. The second reason may be the combination of higher amounts of APTMS 

and CTAB, which causes higher steric barriers against particle aggregation, leading to the 

stabilization of smaller particles [64].  

For the samples synthesized with PEG, it is likely that PEG is only assisting the dispersion 

of graphene oxide in the solution, but not effectively controlling/preventing silica particle 

growth. Similar large secondary particles were found in works where no surfactant was used 

and higher amounts of water were added into the system [66, 67]. The explanation for these 

larger particles is mainly related to the presence of excess water in the system without a 

surfactant that is able to control the silica growth. For H2O/MTMS molar ratios higher than 

8, the hydrolysis and condensation reactions can be complete due to the over-stoichiometric 

conditions, not limiting the particles growth [66]. Also, the increase of aqueous equivalents 

changes the solvent to an anti-solvent ratio, which causes the silica particles to grow more 

separately, leading to larger sizes and the presence of macropores [67]. Under these particular 

conditions, the microstructure of the synthesized materials shows larger pores and spherical 

shaped particles, as observed in the SEM images (Figure 3). 

 

 

Figure 3. SEM images of the prepared silica aerogel with different surfactants (CTAB or PEG). 
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Regarding the composite materials, except for the samples with carbon nanotubes and 

20 % of APTMS in the matrix, all materials show similar values for bulk density (65.4 to 

101.4 kg.m−3). Moreover, some samples presented even lower bulk density than those 

observed for MTMS xerogels and aerogels [30, 62, 63], or for carbon nanostructure-silica 

aerogel composites obtained with different precursors, dried under ambient pressure 

conditions [6, 20, 68–70]. 

For the 1D carbon-based composites, most of the samples synthesized with CNT-HNO3 

show higher values of bulk density than their counterparts prepared with CNT-TMOS, 

indicating that higher shrinkage occurs for these samples during the drying step. One possible 

explanation is that a better interaction between the silica matrix and the silane-modified 

carbon nanotubes is achieved, with these materials showing a better support to the silica 

skeleton than those only submitted to the acid surface modification. In general, for the 

composites 100M and 90M10A obtained with CNT-HNO3, the increasing amount of carbon 

nanotubes increases the bulk density. Even though it was observed that the sample 

90M10A_CNT-HNO3_100 has a slightly lower value than the composite with 50 mg of CNT-

HNO3, this variation is within the range of experimental error, which supports the conclusion 

that the bulk density of these materials follows a nearly linear trend. For the same systems 

with CNT-TMOS, bulk densities are similar and do not show significant variations with the 

increase of carbon nanotubes in the samples. Regarding the 80M20A systems, much higher 

density values are obtained for the composites, similar to that of CNT free reference sample. 

Nevertheless, it is important to mention that when the added amount of CNTs was equal or 

higher than 50 mg, and regardless of their high-level shrinkages, the final composites 

remained monolithic, in contrast to what is observed for lower quantities of CNTs, 

independent of their surface modification. This indicates that when the carbon nanotubes start 

to connect to each other, they are able to sustain the silica matrix, avoiding the fracture of the 

final samples during drying. 

For the 2D carbon-containing composites (shown in Table 2) no significant bulk density 

variations were noticed, including for the 80M20A, GO free reference sample, in contrast to 

the 80M20A reference sample from the CNT batch. Samples with higher amount of amine 

precursor show slightly lower values than those obtained with 10 % of APTMS, and the GO-
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composites always have lower bulk density than their reference silica aerogel counterparts. 

A possible explanation for these results is that the presence of a carbon nanostructure, such 

as GO, with a significant different shape than the silica matrix may have some physical 

influence during the development of the 3D aerogel network. In the end, the 2D nanostructure 

helps to prevent the shrinkage of these composites even when prepared with higher quantity 

of APTMS. 

In terms of porosity, again except for the samples synthesized with CNTs and 20 % of 

APTMS that result in values between 65 % and 90 %, the remaining matrices and composites 

present similar porosities, with values higher than 93 %. These porosity values are similar or 

even higher than those reported for MTMS-based aerogels dried with supercritical fluids [30, 

71–73], or those for carbon nanostructures-silica aerogel composites [15, 20, 69, 74]. The 

pore volume is also very similar, although these materials present a large amount of 

macropores in their structure and the method is not sensitive enough to micro and mesopores 

variations. 

Regarding the specific surface area, all samples synthesized only using MTMS as 

precursor show values consistent with those in the literature (420 - 500 m2.g−1). Aerogels 

usually present specific surface areas between 250 and 800 m2.g−1 [2], and some of our 

systems show even higher values than those reported for MTMS-based silica materials dried 

under similar conditions [30, 33]. Nonetheless, when amine groups are included in the 

structure, a decrease of the specific surface area is observed in all systems. 

The presence of CNTs also influences the specific surface area, as observed for most of 

the 90M10A samples, whose CNTs-containing composites show higher values independently 

of the CNTs surface modification process. This is most probably due to stereological reasons, 

as CNTs provide points of nucleation for the silica growth, altering the network morphology 

[10], as observed in the SEM images (Figure 4). In contrast, for the 80M20A samples, most 

of the composites present lower values of specific surface area. A possible justification for 

these, is that, as mentioned for the 90M10A samples, the presence of CNTs favors the silica 

growth, which can lead to larger secondary particles than the reference sample. 

The GO-based composites present lower values for specific surface area, if compared with 

the composites containing 1D carbon nanomaterial, which can be due to large particle radii, 
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in the micrometers order formed in the overall network, as confirmed by SEM imaging 

(Figure 5). Regarding the specific surface area values determined for the GO-added 

composites, the highest values are observed for those containing 100 mg of GO (∼ 4 wt% of 

the aerogel), but these may have a contribution of the exposed GO high surface area, and not 

from the aerogel silica matrix itself. 

 

 

Figure 4. SEM (a to f) and TEM (g to i) images of the prepared carbon nanotubes-silica aerogel composites 
with 100 mg of the CNTs. 
 

SEM images of the 1D and 2D carbon-containing composites (100 mg of carbon material) 

are shown in Figures 4 and 5, respectively. Generally, the images show the typical silica 

network morphology of secondary particles, also known as pearl-necklace-like structure [75]. 

It is also possible to observe that the samples with 90M10A and CNTs, and all the GO-added 

composites, present much larger pores and secondary particles than the remaining materials. 

The presence of such large particles is expected for the samples with APTMS as co-precursor 

[10, 64, 65], as mentioned for the reference samples. Another factor contributing to the 

growth of secondary particles is the fact that, during the washing steps, the aging process 
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continues to happen, which leads to the re-dissolution and re-precipitation of silica, resulting 

in the decrease of the specific surface area [76], which agrees with previous observations. 

Moreover, the calculated average pore sizes in Tables 1 and 2 are also in good agreement 

with what is observed from SEM analysis. The influence of using carbon nanostructures with 

different surface treatments on the silica network formation was not detected by SEM 

imaging, since all samples present very similar silica matrices. Furthermore, due to the 

significant difference in size between the carbon nanostructures and the overall silica 

network, especially those presenting large secondary units, it was not possible to clearly 

distinguish the 1D/2D structures within the aerogel matrix. Thus, TEM analysis was 

performed to better assess the carbon nanostructures presence in such composites, as 

illustrated in Figures 4 and 5. 

The microstructure of the CNT-silica composite aerogel synthesized with 100 % MTMS 

(Figure 4g) is composed of very small structural units, with the silica nanoparticles clearly 

decorating the interlinked carbon nanotubes. In the 90M10A_CNT-TMOS_100 composite 

(Figure 4h), the silica matrix evolved around the carbon nanotube, ending in a more elongated 

shape linked to the remaining network. The CNTs modification with a silane precursor most 

probably improves the chemical interaction between the two distinct materials, with the 1D 

nanostructure clearly connecting the silica clusters. In contrast to the CNTs-TMOS 

composites, where it was not possible to differentiate the two phases, the 80M20A_CNT-

HNO3_100 sample (Figure 4i) undoubtedly show a few disconnected carbon nanotubes. 

These observations were expected since the interaction between CNTs modified with nitric 

acid and the silica matrix is certainly weaker than that between silanized CNTs and the silica 

network. 
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Figure 5. SEM images (a and b) and HRTEM images (c and d) of the prepared graphene oxide-silica aerogel 
composites with 100 mg of the GO and generated Fourier transform image (e). 

 

Regarding the composites with GO, it is possible to observe a small part of the graphene 

oxide sheet next to the silica matrix (sample 90M10A_GO_100 - Figure 5c), with larger 

secondary silica particles as observed in the corresponding SEM image (Figure 5a). HRTEM 

imaging analysis mostly revealed single or a few layers GO involved within the silica 

framework. Nevertheless, detailed inspection also exposed a few areas where a small number 

of fragmented GO sheets have agglomerated. The generated Fourier transform diffraction 

pattern (inset of Figure 5e) shows a ring like pattern and spots typical of polycrystalline 

nature with crystallographic orientation between the sheets, respectively [45, 77]. Most of 

the graphene oxide identified in the aerogel matrix clearly shows diffraction spots for short-

range order over a length scale, like those of graphite/graphite oxide [45]. These images 

illustrate the GO crystalline structure confirmed by the generated diffraction spots with a six-

fold pattern [43, 45, 77]. HRTEM images also demonstrate the characteristic high 

transparency of the GO layer deposited onto the carbon film of the grid [45]. These findings 

are in very good agreement with those from powder XRD and Raman spectroscopy. 

To investigate more in detail the morphology and porosity of the composite materials, 

SAXS measurements were performed on samples with and without carbon nanotubes (Figure 

S4). This technique was also performed in graphene oxide-silica aerogel composites, 

however, only a plateau was observed due to the large particle sizes of these samples, and an 
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ultra-small angle setup would be necessary. X-ray scattering patterns were analyzed to reveal 

two important structural features [78]. The first one is associated with the decay of scattering 

intensity at small angles, best explained by the classical Porod analysis. In this approach, the 

decay rate of scattering intensity follows 1/qα with α known as Porod exponent. For three-

dimensional particles and perfectly smooth surfaces, a Porod exponent of 4 is expected. For 

particles with surface roughness, this exponent decreases to a minimal value of 3. The 

rougher the particle surface is, the smaller is the Porod exponent. We have analyzed the initial 

decay rate by the slope of scattering intensity versus q curve in log-log scale. The results are 

summarized in Figure 6.  

 

 

Figure 6. Porod slope values and radius of gyration (Rg) obtained from silica aerogels and carbon nanotubes-
silica aerogel composites with 100 mg of CNTs. 
 

The comparison of Porod slope values for three different matrices indicates only small 

variations around -3.72 ± 0.06, with the sample 90M10A displaying highest surface 

roughness (lowest Porod exponent). The addition of carbon nanotubes caused an increase in 

the Porod exponent (reduction of absolute values), so that both CNTs-silica aerogel 

composites studied (Figure 6) show a Porod exponent of -3.6. This variation confirms the 

fact that CNTs effectively modify the formation of the silica network, i.e. the microstructure 
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of the aerogels, and this higher surface roughness demonstrates a good agreement with the 

morphology observed in TEM images (Figure 4). 

The second feature obtained from scattering curves is associated to nanometer-sized pores 

within the silica particles. This appears as a broad hump at larger scattering angles, e.g. shown 

in Figure 7 at the q values between 0.5 and 1.0 nm−1. The position and intensity of this hump 

explains the size and the number density of pores. To acquire a quantitative measure of these 

pores, the previously obtained Porod decay function was subtracted from the experimental 

data and the resulting curve is interpreted as the scattering signal from internal pores. Further 

analysis of the deduced curves by indirect Fourier transformation [79] leads to the 

identification of a pair-distance distribution function (PDDF) and the average radius of 

gyration of pores. Similar approaches have been applied previously to reveal the pore size 

and surface roughness of the silica particles from SAXS data [78, 80]. 

 

 

Figure 7. a) Experimental scattering patterns and their relevant residual scattering obtained from subtraction of 
Porod line are shown together with the indirect Fourier transformation (IFT) evaluation of residual scattering. 
b) Pair-distance distribution function, P(r), obtained from IFT analysis of residual scattering from pores for the 
sample 90M10A_CNT-HNO3_100. (For color, refer to the online version). 
 

 

The determined radii of gyration by the SAXS study (Figure 6) are significantly lower 

than the pore sizes estimated by the average pore diameter (Pd) equation (Pd = 4VP/SBET) 

(Table 1). This discrepancy can be explained by the fact that SAXS is not sensitive to 

structural features around or larger than 100 nanometers (depending on the instrument 
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resolution). In other words, the radius of gyration determined by SAXS corresponds to 

nanometer sized length scales of smaller primary particles, which are not accurately 

determined by equation (3) or visible by microscopic techniques. 

From the SAXS data, a significant reduction of the radius of gyration of pores was 

observed by the addition of amine groups, with values changing from 22.7 ± 2.52 nm (100M) 

to 4.89 ± 0.68 nm (90M10A) and 9.33 ± 0.46 nm (80M20A). Then, the addition of CNTs 

causes only a slight decrease if compared with the 90M10A silica matrix. 

 

3.3 Thermo-mechanical characterization 

The effect of the 1D and 2D carbon nanomaterials on the typical thermal insulation of the 

prepared silica aerogels was assessed through measurement of the thermal conductivity of 

the monolithic materials, as presented in Table 3. 

Table 3: Thermal conductivity of the monolithic silica aerogels without carbon nanostructures and with 

different amounts of CNTs-HNO3, CNTs-TMOS and GO. 

Amount of carbon 

nanostructure 

Thermal conductivity 

(mW.m−1.K−1) 

 100M_CNTs-HNO3 90M10A_CNTs-HNO3 80M20A_CNTs-HNO3 

0 mg [10] 36.8 ± 0.7 44.1 ± 0.3 - 

10 mg 35.2 ± 0.1 43.2 ± 0.1 - 

50 mg 34.7 ± 0.2 46.9 ± 0.1 67.1 ± 0.2 

100 mg 36.4 ± 0.1 48.7 ± 0.1 80.7 ± 0.7 

200 mg 43.5 ± 0.1 55.2 ± 0.1 80.6 ± 0.4 

 100M_CNTs-TMOS 90M10A_CNTs-TMOS 80M20A_CNTs-TMOS 

0 mg [10] 36.8 ± 0.7 44.1 ± 0.3 - 

10 mg [10] 31.2 ± 0.1 43.7 ± 0.6 - 

50 mg 33.3 ± 0.1 47.3 ± 0.1 62.1 ± 0.5 

100 mg 33.1 ± 0.1 47.7 ± 0.1 64.7 ± 0.3 

200 mg 36.1 ± 0.1 48.6 ± 0.2 68.2 ± 0.1 

  90M10A_GO 80M20A_GO 

0 mg - 48.0 ± 0.1 49.3 ± 0.1 

10 mg - 43.6 ± 0.3 50.0 ± 0.2 

50 mg - 46.3 ± 0.1 49.6 ± 0.1 

100 mg - 45.4 ± 0.1 48.8 ± 0.2 

 

The results in Table 3 indicate that the nature of the silica matrix has a significant impact 

on the thermal conductivity. It appears that, increasing the amount of APTMS in the system, 

leads to a significant increase in the values of thermal conductivity, with the samples 
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containing 20 % of APTMS presenting the highest values. This variation can also be 

attributed to the higher values of density verified for these samples (Table 1), since thermal 

conductivity of aerogels highly depend on their bulk density. Several authors [75, 81–84] 

have demonstrated that this dependence has typically a U-shape, with the solid thermal 

conductivity being favored by higher densities. On the contrary, the gaseous thermal 

conductivity has a higher impact for aerogels with lower densities, since the presence of 

larger pores do not contribute to Knudsen effect [81]. 

Moreover, the carbon nanostructures also have an impact in the thermal conductivity of 

the aerogels. The addition of low amounts of the 1D and 2D carbon materials may lead to a 

reduction in the total thermal conductivity. In the case of CNT-added composites, the most 

considerable reduction (∼ 15 %) was observed for the sample 100M_CNT-TMOS_10, if 

compared with the corresponding pristine sample. Nevertheless, an increase in the thermal 

conductivity is observed for all silica systems with the addition of higher quantities of CNTs 

to the network. This trend can be explained by the potential of percolation threshold in these 

materials, where the carbon nanostructures increasingly become in contact with each other. 

Thus, there is an increase in the solid thermal conductivity since preferential paths of heat 

transfer are formed and CNTs are well known for their high thermal conductivities. Due to 

the significant shrinkage observed in the 1D carbon-containing composites with higher 

APTMS content, this effect is most probably enhanced, as observed by SEM imaging (Figure 

8), that clearly shows CNTs in close contact with each other. 

 

 

Figure 8. SEM image of the 80M20A aerogels with 200 mg of CNTs-HNO3. 
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Considering the different types of surface modification of the CNTs, lower values of thermal 

conductivity were obtained for the samples with CNTs-TMOS, probably due to the fact that 

the silica particles grow around these nanotubes, as previously seen in the TEM imaging 

(Figures 4). Thus, this prevents the contact between the carbon nanotubes and simultaneously 

alters the silica network, which lead to a reduction of the solid thermal conductivity. The 

addition of CNTs-HNO3 also caused a decrease in the thermal conductivity of the CNT-

containing composites, probably due to the same reasons. Nonetheless, the found values are 

higher than those for silanized CNTs, since chemical interaction between the silica network 

and 1D nanostructures is not so considerable, and it has been verified that these CNTs are 

further exposed in the aerogel matrix. 

As a result of not being able to obtain a cohesive gel for 100 % MTMS, lower values of 

thermal conductivity were not achieved by the samples with graphene oxide, as the presence 

of APTMS always causes an increase in this property, as previously mentioned. For the 

composites made with GO, even though a small reduction in the thermal conductivity is 

observed for the sample 90M10A_GO_10, the remaining materials all showed very similar 

values regarding this property. It was expected that the presence of GO would lead to some 

variability in thermal conductivity, since, with the addition of small amounts of this carbon 

nanomaterial, a tendency to decrease the thermal conductivity was observed in the literature 

[6, 16], however, no significant variation was here observed. This can be explained by the 

pore size of the silica matrix. The reduction in thermal conductivity by the addition of GO 

occurs because this material makes the pore distribution of the silica matrix more uniform, 

with a higher number of pores smaller than 70 nm [6, 16], which leads to the constriction of 

free-molecule-movement. In the case of the silica matrix here developed (MTMS/APTMS 

using PEG as surfactant), even with addition of GO, the pores do not achieve this low size, 

always remaining in the macropores range (Table 2 and Figure 5), with the GO even causing 

the increase of the average pore size in some samples, thus originating an increase of the 

gaseous contribution to the thermal conductivity. 

The effect of temperature on thermal conductivity was determined within a range of 

temperatures, from -25 oC to 175 oC, for the samples 100M and 100M_CNT-TMOS_10, with 
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the latter being the sample with the lowest value of thermal conductivity (Table 3). The 

obtained results are illustrated in Figure 9. 

 

 
 

Figure 9. Thermal conductivity of the 100M and 100M_CNT-TMOS_10 aerogels in different temperatures. 
 

As expected, there is a linear increase between temperature and measured thermal 

conductivity, with the 1D carbon nanostructure-containing composite showing a smaller 

increase rate. The most significant difference between the two samples was observed when 

both were submitted to temperatures higher than 75 ºC,  with the CNT-silica aerogel 

composite having thermal conductivity values more than 25 % lower than the ones obtained 

for the silica aerogel. This difference indicates a significant improvement in the thermal 

insulation performance of the silica aerogel, as the 100M_CNT-TMOS_10 sample shows 

lower thermal conductivities in the overall temperature range, especially for temperatures 

above 50 oC. This is possibly due to the opacifying effect of CNTs, which limits the radiative 

contribution on thermal conductivity, as the radiative conductivity becomes increasingly 

significant at temperatures above 300 K (27 ºC) [75].  

Thermal gravimetric analyses were performed for these samples (Figure S5a). Both 

materials displayed good thermal stability, but, once again, the addition of carbon 

nanostructures has a positive impact in the properties. The silica aerogel can be applied in 
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temperatures up to 400 ºC, while the carbon nanotube-silica aerogel composite does not 

undergo any thermal decomposition until 500 ºC. The addition of amine groups, higher 

amounts of carbon nanotubes and the type of treatment to which the CNTs were submitted 

(Figures S5b and S5c) do not have a significant effect in the thermal stability, with the 

materials being able to be used at temperatures up to 400 ºC. In the case of the graphene 

oxide-added composites (Figure S5d), a small weight loss is observed before 100 ºC, which 

is probably due to evaporation of adsorbed water and residual solvents/by-products. After 

this phenomenon, the samples do not have a thermal decomposition up to 450 ºC, which once 

again confirms the thermal stability of the developed composites.  

The mechanical behavior of the studied silica aerogels and composites was also evaluated 

by uniaxial compression tests, as shown in Figure 10. For the 100M materials, the Young’s 

modulus is low and approximately the same (in the order of tens of kPa - Table S2) with the 

most significant variation being observed for the samples with higher amount of CNTs, which 

showed values of 154 kPa, for the 100M_CNT-HNO3_200, and 72 kPa, for the 100M_CNT-

TMOS_200. 
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Figure 10. Stress-strain curves for silica aerogels and corresponding carbon nanomaterials-silica aerogel 
composites obtained by compression-decompression with a load cell of 50 N. (For color, refer to the online 
version). 
 

Although small variations took place, all the samples are flexible, as they showed high 

recovery rates. Higher variability is observed for the 90M10A samples with 1D carbon 

nanostructure, with the Young’s modulus appearing to vary randomly. These systems are still 

relatively flexible, as Young’s modulus in the order of tens of kPa were once again obtained, 

however, these composites have lower recovery rates than the corresponding 100M samples. 

Even though there are some differences in their microstructure, these samples present larger 

pores than the other CNTs-containing composites, which can be a possible explanation for 

these meaningless variations. Besides that, it is also worth mentioning that, due to the 

inherent variability of the compression tests, these tests are not sensitive enough to detect 

small variations in the samples structure. For the 80M20A composites with carbon nanotubes, 

the highest values were obtained, with the Young’s modulus in the order of MPa (between 1 

and 14 MPa - Table S2), and these results are probably due to the significant shrinkage 
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observed for these samples during the drying step, and correlated to higher bulk densities. In 

contrast to what is observed for 100M-based aerogels, these samples are not flexible. 

The composite systems with GO present similar mechanical behavior, with Young’s 

modulus values below 50 kPa, except for 80M20A_GO_200 that showed a Young’s modulus 

of 150 kPa. The substantial presence of large pores within these materials is probably the 

main cause for these findings, since only small variations in the measurements were detected 

with the addition of GO to the systems. Moreover, these results are also in agreement with 

the ones obtained for the 90M10A samples with CNTs, which also present pores in the 

macropore range. The energy absorbing capabilities of the aerogels were also investigated by 

the cyclic compression tests (Table S3). Low energy losses were obtained for the materials 

with only MTMS in their matrix, with the lowest values being achieved by the samples 100M 

and 100M_CNT-TMOS_10, which indicates a small energy dissipation during the load-

unload cycles.  The larger energy losses observed for the remaining samples probably result 

from plastic deformation, which agrees with previous results, as these materials do not have 

good recovery rates after compression. 

 

3.4 Electrochemical characterization 

The electrochemical performance of the silica-based aerogels and the corresponding 

composites with 1D and 2D carbon materials were investigated by CV and EIS. In order to 

quantitatively evaluate the charge storage capacity, the specific capacitance was determined 

using equation 5, with the results summarized in Table 4. In general, the presence of amine 

groups has a significant impact on the specific capacitance, since these systems show higher 

values than the 100 % MTMS composites. 
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Table 4: Calculated specific capacitance of silica aerogels without carbon nanostructures and with different 

amounts of CNTs-HNO3, CNTs-TMOS and GO from the CV curves at 50 mV.s−1. 

Amount of carbon 

nanostructure 

Specific capacitance 

(µA.g−1) 

 100M_CNTs-HNO3 90M10A_CNTs-HNO3 80M20A_CNTs-HNO3 

0 mg 98.3 906.8 184.2 

10 mg 222.9 537.4 287.1 

50 mg 260.0 519.4 383.7 

100 mg 395.8 715.0 434.7 

200 mg 1108.9 442.7 943.7 

 100M_CNTs-TMOS 90M10A_CNTs-TMOS 80M20A_CNTs-TMOS 

0 mg 98.3 906.8 184.2 

10 mg 212.0 990.7 287.3 

50 mg 242.4 1419.3 340.4 

100 mg 566.5 8307.2 635.7 

200 mg 877.6 4230.2 701.6 

  90M10A_GO 80M20A_GO 

0 mg - 450.1 343.0 

10 mg - 307.1 845.7 

50 mg - 588.6 948.4 

100 mg - 1541.6 1279.2 

 

For most of the systems, increasing the carbon content in the composite leads to an 

increase in the specific capacitance of the materials. In the 90M10A systems with carbon 

nanotubes, the variation was not linear, and the highest values for these composites were 

achieved for an amount of 100 mg of CNTs. These systems also showed the highest values 

of specific capacitance, and these can be correlated with the different type of porosities, as 

these samples show significantly larger macropores than the remaining composites with 

CNTs (Figure 4). Even though smaller pores (micro- and mesopores) can enhance the specific 

surface area of aerogels, their presence can have a negative effect in the electrical properties. 

In porous materials, the electrical double layer (EDL) is formed inside the material pores and 

not adjacent to the electrode surface. Thus, when the pore size is in the same magnitude order 

as the EDL thickness, the electrical double layers inside the pore overlap, causing a reduction 

in their electrical capacities [85, 86]. As this overlapping effect exists only in microporous 

and in a part of mesoporous region, the 90M10A samples do not show this effect, which can 

explain the superior values obtained for these aerogels. The same explanation can be used 

for the 2D carbon-containing composites, if compared with their CNTs equivalent, especially 

for the 80M20A systems, as the composites show significant different average pore sizes 
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(Tables 1 and 2), which supports the fact that the GO-added composites present higher 

specific capacitance values. 

Regarding EIS analysis presented in Figure 11, the spectra were fitted with the same 

electrical equivalent circuit consisting of the cell resistance (RΩ - R1) in series with a parallel 

combination of a constant phase element, (CPE - Q1), and a charge transfer resistance (Rct - 

R2), as shown in Figure 11. The CPE is assumed as a non-ideal capacitor according to the 

relation CPE = -1/(Ciω)α, where C is the capacitance, which describes the charge separation 

at the double layer interface, ω is the angular frequency and α is the roughness factor (due to 

heterogeneity of the surface), that varies from 0.5 to 1, where an α value of 1 represents a 

perfectly smooth surface [87, 88]. 

 

 

Figure 11. The Nyquist plots of the silica aerogels and carbon nanomaterial-silica aerogel composites electrodes 
and their equivalent circuit. (For color, refer to the online version). 
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All EIS Nyquist plots present a single region, a semicircular part, probably corresponding 

to the electron transfer process. For the electrodes composed of the pristine aerogels, the 

semicircle shows larger diameters, and, as the semicircle diameter is directly proportional to 

the resistance of the electrons flow at the interface, these results indicate that in these samples 

the electron transfer is not very effective. The presence of 1D and 2D carbon nanostructures 

leads to a decrease of the imaginary part of the impedance (-Z"), suggesting the increase of 

the capacitance, which in its turn, improves the electrochemical response. This agrees with 

the results obtained by the cyclic voltammograms for these electrodes. 

For most of the systems, as the amount of carbon material increased, further reductions in 

the impedance were observed, and this decrease indicates that the electrons could be 

transferred faster with lower loss, which could lead to higher electrochemical performances. 

These results were expected considering that the carbon nanostructures possess high 

electrical conductivity and decrease the Rct, allowing a quick electron transfer through the 

3D structure. Again, the exception for this continuous decreasing trend in impedance was the 

90M10A with CNTs. The samples with 200 mg of CNTs show higher impedance values than 

those containing 100 mg. These variations are probably due to the materials porosities, as 

previously discussed  regarding the specific capacitances determined by CV. Finally, the 

presence of amine groups in the silica matrix also caused a significant change in the samples’ 

resistance.  The aerogels developed with APTMS present a smaller semicircle than the 100M 

samples. There are two factors which may explain this difference; first, the different porous 

structure which may enhance the electron transport at electrode/electrolyte interface leading 

to higher values of capacitance [89], and second, the introduction of nitrogen which endows 

the electron donor characteristics and provides electrochemically active sites for pseudo-

capacitive reactions [90]. 

 

4 CONCLUSIONS 

The influence of adding different 1D and 2D carbon nanostructures in the properties of 

MTMS-based silica aerogels was here evaluated. The composite materials consisting of 

carbon nanotubes or graphene oxide and silica aerogels have been prepared by using an acid-

base-catalyzed sol–gel process. The presence of these carbon materials did not prevent the 
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formation of the silica three-dimensional network; however, the addition of GO caused more 

impact in the aerogels’ chemical structure than CNTs. The physical properties were also 

affected by their addition, with variations being observed mainly in the specific surface area 

and average pore sizes, but the presence of APTMS in the silica matrix proved to be more 

influential than the carbon nanomaterials. 

The CNTs have a more significant impact in the microstructure of the materials than the 

GO. As observed in SEM and TEM images, the silica matrix can grow around the 1D 

nanomaterials and follow their shape, especially for the CNTs modified with TMOS. 

Regarding the thermal properties, it was proven that the presence of GO did not have a 

meaningful influence in the thermal conductivity, however this is probably due to the 

presence of pores in the micrometers order, that have a larger impact in this property than the 

GO. On the other hand, the addition of small amounts of CNTs leads to a decrease in the 

thermal conductivity of the silica aerogels, with this effect being more significant at 

temperatures above 50 ◦C. The addition of CNTs also led to an improvement on the aerogels’ 

thermal stability, with the carbon nanotube-silica aerogel composites enduring temperatures 

up to 500 ºC with negligible thermal decomposition. The combination of these excellent 

thermal properties indicates that the CNTs-silica aerogel composites have a great potential to 

be applied in the thermal insulation field, especially in high-temperature environments. 

The addition of these carbon nanomaterials also has a significant effect in the 

electrochemical properties of silica aerogels, leading to an increase in the specific capacitance 

and a decrease of the resistance of the electrons flow at the interface of these materials. The 

higher specific capacitances were achieved by the 90M10A systems with 100 mg of CNTs-

TMOS and GO. For most of the systems, the lowest resistances were obtained for the 

composites with the higher amounts of carbon nanostructures, as expected. 

In summary, for MTMS-APTMS silica aerogel systems, CNTs have a more significant 

impact in the aerogels’ features than GO, and it is possible to change both the silica matrix 

and the amount of carbon nanostructure to achieve the desired characteristics. The possibility 

of tailoring the properties of these materials gives them a wide application potential in 

different areas, such as thermal insulation, adsorption, and energy related applications. 
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surfactant and carbon nanomaterial used for each sample. Figure S3: 1H–29Si solid-state 
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and PEG; b) 90 % MTMS/10 % APTMS silica aerogels synthesized with and without CNTs; 

c) 80 % MTMS/20 % APTMS silica aerogels synthesized with and without GO. Figure S4: 

(a,c,e,g) Experimental scattering patterns and their relevant residual scattering obtained from 

subtraction of Porod line are shown together with the indirect Fourier transformation (IFT) 

evaluation of residual scattering. (b,d,f,h) Pair-distance distribution function, P(r), obtained 

from IFT analysis of residual scattering from pores. Figure S5: Thermogravimetric curves 

for samples a) 100M and 100M_CNT-TMOS_10; b) 90M10A, 90M10A_CNT-TMOS_10  

and 90M10A_CNT-TMOS_100; c) 90M10A, 90M10A_CNT-HNO3_100 and 

90M10A_CNT-TMOS_100 and d) 90M10A and 90M10A_GO_10. Table S2: Young’s 

modulus of silica aerogels without carbon nanostructures and with different amounts of 

CNTs-HNO3, CNTs-TMOS and GO. Table S3: Energy loss coefficient at 10 % strain of silica 

aerogels without carbon nanostructures and with different amounts of CNTs-HNO3, CNTs-

TMOS and GO. 
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