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Abstract: A novel colloidal technique for transmission electron microscopy (TEM) of graphitic nano-reinforced 

cementitious (GNRC) composites was developed. Single-walled and multiwalled nanotubes (SWNTs and MWNTs) were 
functionalized using an acid etching technique to obtain stable aqueous suspensions that were incorporated in the mix 
design of a cement paste. Effective functionalization was demonstrated by Raman spectroscopic measurements and 

time resolved dynamic light scattering measurements. The functionalized nano-reinforcement and binding characteristics 
were observed at the nanoscale for the first time using high resolution TEM imaging. Functionalized CNTs were found to 
be well distributed and preferentially associated with the cementitious matrix. This newly developed colloidal technique 

for TEM imaging of GNRC composites is a viable approach to characterize the interfacial compatibility between graphitic 
nano-reinforcement and cementitious matrices.  
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1. INTRODUCTION 

Graphitic nano-reinforced cementitious (GNRC) 

composites show great promise as an improved class 

of structural material [1] with enhanced microcrack 

control capabilities resulting in better damage tolerance 

[2], fracture toughness [3], and improved flexural 

strength and stiffness [4-6]. In addition, the decrease in 

electrical resistivity compared to conventional 

cementitious composites [7] makes structural GNRC 

composites attractive as self-sensing and health 

monitoring materials [8]. The improved performance of 

these novel composites largely depends on the 

nanomaterial dispersion properties [4, 9-10] and 

chemical bonding characteristics within the 

cementitious matrix. Dispersion—of the highly 

aggregating carbonaceous nanofibers—in aqueous 

suspensions is achieved by evoking chemical 

functionality to the nano-reinforcement surfaces, 

typically accomplished through acid etching [6] or 

surfactant coating [11] procedures. The resulting 

functional groups act as chemical binding sites for the 

metal ions in the calcium oxide/silica/alumina matrix of 

cement, thus providing key compatibility attributes to 

the composite system [5]. Mechanistic understanding 

of material compatibility between graphitic nano-

reinforcement and cementitious matrices requires 

development of novel characterization techniques to 

better probe the interface between the nano-

reinforcement and the surrounding cementitious matrix. 
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Transmission electron microscopy (TEM) is one of 

the most effective characterization techniques for 

engineered nanomaterials. TEM can provide 

information on nanomaterial size, shape, and 

crystallographic structure along with particle distribution 

at the atomic scale [12-16]. In situ TEM can be 

performed for dynamic observation of the 

morphological and nanostructural changes due to 

reactions among nanomaterials and also due to 

mechanical stress applied in situ on a nanomaterial or 

nanocomposite [17-18]. Analytical TEM equipped with 

electron energy loss spectroscopy (EELS), energy 

dispersive spectroscopy (EDS), and dark field imaging 

can reveal chemical information on complex matrices 

[13, 19] and can serve in failure analysis of nano-

electronics (e.g., semiconductors) [20]. TEM is also 

employed to study composite materials’ morphology 

and dispersion characteristics [21], particularly of those 

that include nanomaterial in polymer matrices; e.g., 

polymer/clay composites [22], nanoparticle glass 

composites [23], nanotube-nylon 6 composites [24-25], 

thermoplastic elastomers with multi-walled carbon 

nanotubes [26], and nanotube/epoxy composites [27-

29]. Innovative approaches in sample preparation—for 

example, ultrathin nanocomposite film preparation 

using microtome methods [27], and milling of the 

composites through Focused Ion Beam (FIB) 

techniques [30-32] —are being adopted to obtain high 

quality images. 

Challenges still remain to perform TEM on 

cementitious composites due to the difficulties in 

processing material samples and forming ultrathin 

electron transparent sections that can be mounted on 

the TEM grid [33]. This has restricted electron imaging 
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usage in cementitious composite characterization to 

scanning electron microscopy (SEM) [34-36]; a 

technique that can reveal key surface characteristics of 

composites but with a lesser degree of magnification 

and at a coarser scale [20, 37]. Developing novel 

approaches to image at the interfacial scale (with TEM) 

is highly desirable to facilitate the investigation of 

compatibility characteristics of graphitic nano-

reinforcement and cementitious matrices. 

This paper presents a novel colloidal technique to 

prepare GNRC composite samples for high resolution 

TEM imaging. Single- and multi-walled carbon 

nanotubes (SWNTs and MWNTs) were acid etched to 

obtain well dispersed suspensions in water. The 

carboxylated SWNTs and MWNTs were characterized 

using Raman spectroscopy to determine the extent of 

defects and dynamic light scattering was used to 

determine colloidal stability. Cementitious composite 

samples reinforced with carboxylated SWNTs and 

MWNTs were prepared per ASTM C305. 

Representative GNRC composite samples were 

collected by pulverizing the material at fracture 

surfaces and dispersing the powder in ethanol by 

sonication. TEM was performed using a high resolution 

transmission electron microscope (HRTEM) at an 

accelerating voltage of 300 kV. To the best of the 

authors’ knowledge, this study is the first to propose 

such a colloidal approach to perform TEM imaging on 

GNRC composites, characterizing material 

compatibility at the matrix interfaces.  

2. EXPERIMENTAL 

2.1. Preparation and Characterization of 
Functionalized SWNTs and MWNTs 

SWNTs and MWNTs were procured from 

commercial sources (Cheap Tubes Inc., Brattleboro, 

VT). The supplier claimed purity of SWNT and MWNT 

samples of 90% and 95% by mass with bulk densities 

of 0.14 and 0.27 g/cm
3
 at 20°C, respectively. The inner 

diameters of the tubes were specified as 0.8-1.6 nm 

and 2-5 nm with average tube lengths of 5-30 μm and 

10-30 μm for SWNTs and MWNTs, respectively. Both 

carbon nanotubes (CNTs) were independently 

characterized for this study.  

SWNTs and MWNTs were individually 

functionalized by etching the surfaces with strong 

oxidants as described elsewhere [38]. In short, for each 

CNT, 187.5 g of 98% ammonium persulfate (Sigma-

Aldrich, St. Louis, MO), 13.6 mL of 95-98% sulfuric acid 

(Acros, Thermo Fisher Scientific, NJ), and 236.4 mL of 

deionized (DI) water (Barnstead) were added to a 300 

mL conical flask and stirred with a magnetic stirrer 

(VWR stirrer, Henry Troemner LLC., Thorofare, NJ) for 

24-72 hours or until a clear solution was achieved. The 

solution was filtered through a 0.45 μm PVDF 

membrane filter (Millipore, Billerica, MA) to remove 

excess undissolved ammonium persulfate. A mass of 

500 mg CNT (SWNTs or MWNTs) was added to the 

clear filtrate. The mixture was first sonicated for 10 

minutes using an ultrasonic dismembrator S-4000 

(Misonix, Inc., Farmingdale, NY) and later stirred at 

1200 rpm for 24 hours. The suspension was then 

filtered through a PVDF filter under vacuum and 

washed with DI water until the filtrate reached a pH of 

nearly 7.0. Filtration was performed using a filter holder 

with fritted glass support (VWR International, West 

Chester, PA). The residue was stored in a dessicator 

cabinet (Fisher Scientific, Pittsburg, PA) for 72 hours 

and functionalized CNTs were obtained as dried 

flake/powder. After functionalization, 600 mg of CNTs 

(SWNTs or MWNTs) were introduced to 300 mL of DI 

water and sonicated for 10 minutes to prepare a 2 g/L 

aqueous suspension. 

Cluster morphology and the extent of defects for 

pristine and functionalized SWNTs and MWNTs were 

primarily characterized with TEM and Raman 

spectroscopy, respectively. An H-9500 HRTEM (Hitachi 

High Technologies America, Inc, Pleasanton, CA) was 

used to image pristine and functionalized SWNTs and 

MWNTs, herein denoted as ‘f-SWNTs’ and ‘f-MWNTs’, 

respectively. TEM grids were prepared using a 

standard protocol for carbon nanotube characterization 

[39-41]. 0.5 mg of dry pristine or functionalized CNTs 

were sonicated in 10 mL of ethanol for 10 minutes 

using an ultrasonic bath sonicator (Bransonic, Danbury, 

CT) and a few drops were placed on a copper TEM 

grid coated with carbon film. The drops were allowed to 

dry on a hot plate for 5 min. Representative images for 

each sample were obtained using a randomized grid 

sampling technique [40-41] at varied magnification (10 

k  to 100 k ) under an accelerating voltage of 300 kV. 

Raman spectra for pristine and functionalized CNTs 

were recorded using a JY Horiba Labram Raman 

spectrometer (HORIBA Instruments Inc., Irvine, CA) 

equipped with a liquid-nitrogen-cooled charged coupled 

device (CCD) detector, and a HeNe (632.817 nm) laser 

for excitation [42]. Dry SWNT and MWNT powders 

were added to a pre-cleaned glass slide and the laser 

was focused on the sample surface. A representative 

spectrum was obtained as an average of five scans—
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where each spectrum was collected over 120 s 

integration time. Details of the experimental protocol 

are presented elsewhere [40-41]. 

Colloidal stability of the aqueous suspensions of f-

SWNTs and f-MWNTs was determined using time 

resolved dynamic light scattering (TRDLS). An 

ALV/CGS-3 compact goniometer system (ALV-Laser 

Vertriebsgesellschaft m-b.H., Langen/Hessen, 

Germany) equipped with 22 mW HeNe Laser at 632 

nm wavelength (equivalent to 800 mW laser at 532 nm) 

and high QE APD detector with photomultipliers of 1:25 

sensitivity was used to perform these measurements. 

The detailed TRDLS protocol is described in earlier 

studies [40-41]. In short, 2 mL of diluted nanotube 

suspension (concentration of each sample being 1 

mg/L) was added to a rigorously cleaned borosilicate 

[40-41] glass vial and vortex mixed (using VWR 

Vortexer, Henry Troemner LLC., Thorofare, NJ) prior to 

initiating the TRDLS measurements. The laser was 

operated at full exposure level and scattering data was 

collected at a 90° scattering angle for 15 seconds to 

generate average hydrodynamic radius data points. A 

continuous measurement was performed for at least 30 

minutes. The scattering data were used to generate 

profiles for f-SWNT and f-MWNT cluster size 

distribution with built-in ‘cumulant algorithm’ of the ALV 

software. 

2.2. GNRC Specimen Preparation and Colloidal 
Technique for TEM Samples  

GNRC composite specimens with 6.3  6.3  25.4 

mm dimensions were prepared per ASTM C305 by 

mixing conventional Type III Portland cement with 

water using a water/cement (w/c) ratio of 0.485 (Figure 

1). Either f-SWNTs or f-MWNTs were incorporated to 

the cement paste as 2 g/L aqueous suspension, which 

corresponds to 0.1% by weight of cement (wt%). The 

GNRC composite specimens were cast and moist 

cured for 24 hours and then demolded and air cured for 

28 days. The GNRC composite strips were cracked by 

imparting a bending stress exceeding the modulus of 

rupture. The fracture surfaces were thus exposed from 

which GNRC composite material was removed. The 

powder for TEM analysis was obtained by placing this 

material between two plastic sheets and pulverizing 

with a pestle. This sample preparation process is 

illustrated (step by step) in Figure 2 for clarity. 

A small amount (approximately 1-2 mg) of the 

GNRC composite powder containing either f-SWNTs or 

f-MWNTs was added to 5 mL ethanol to facilitate CNT 

exfoliation. A suspension was prepared by sonicating 

the mixture using an ultrasonic bath dismembrator 

(Bransonic, Danbury, CT). A few drops of the sonicated 

suspension were added to the copper TEM grids 

coated with carbon film. TEM was performed following 

the procedure described above to characterize pristine 

and functionalized CNTs.  

3. RESULTS AND DISCUSSION 

3.1. Characteristics of f-SWNTs and f-MWNTs and 
their Aqueous Dispersions 

TEM micrographs presented in Figure 3a-d of 

pristine and functionalized SWNTs and MWNTs 

 

Figure 1: GNRC composite strips (dimensions 6.3  6.3  25.4 mm) for TEM characterization.  
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Figure 2: Schematic of TEM sample preparation steps involved in colloidal approach. 
 

 

Figure 3: Representative TEM micrographs of SWNTs (a) pristine and (b) functionalized and MWNTs (c) pristine and (d) 
functionalized. Insets represent higher magnification images of SWNTs and MWNTs. 
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document effective functionalization of the CNTs. 

Figure 3a and 3c show highly bundled, aggregated, 

and relatively (in multi-micron scale) long pristine 

SWNTs and MWNTs, respectively. The insets of these 

images further illustrate the bundled state of the CNTs. 

Figure 3b and 3d show relatively debundled and 

declustered CNTs upon functionalization. Such 

debundling had plausibly occurred from the invoked 

electrostatic repulsion between tubes as a result of the 

oxidation process [43]. The higher magnification inset 

micrographs present evidence of shorter functionalized 

CNTs, which is consistent with previous findings 

reported in the literature [5-6]. These short tubes or 

fragments of tubes were likely generated through tube 

breakage during the acid etching process [44-45]. Such 

shortening and tube breakage, as observed here and in 

earlier literature, occurs due to C-C bond breakage and 

subsequent oxidation at these sites and at the existing 

defect sites on CNTs during sonication and use of 

strong oxidants, such as acids [44, 46-48]. Electron 

deficient carbon atoms at the defects and edge 

extremities attract electron excess molecules oxygen 

and typically form –COOH groups at such sites [48-49]. 

Thus functionalization of SWNTs and MWNTs not only 

shorten the tubes but also debundle them due to the 

repulsive interaction emanating from added –COOH 

groups. The effect of functionalization is further 

illustrated through defect and dispersion 

characterization as presented later in this section. 

Raman spectra collected on pristine and 

functionalized SWNTs and MWNTs provide evidence 

of successful functionalization through defect 

characterization as presented in Figure 4a-b. Spectral 

results were analyzed for peaks near 1600 cm
-1

 

(denoted as the G-band holding graphitic signature) 

and near 1350 cm
-1

 (denoted as the D-band that 

represents defects in the CNT graphitic structure) [50] 

to obtain relative defect ratios—i.e., D/G ratio of 

integrated peaks. Defects, identified as lack in 

hexagonal structure of carbon atoms orientation as well 

as bond breakage, are present even in pristine 

nanotube surfaces; which occur during CNT synthesis 

in elevated temperature [51]. These defected sites give 

rise to Raman scattering at defect mode and can be 

quantified through this spectroscopic technique. Such 

defect formation is further pronounced upon 

functionalization with strong oxidants, which induces a 

stronger peaking at D-band region [51-53]. Quantitation 

of Raman response at this region allows to evaluate 

relative effectiveness of functionalization through the 

D/G ratio comparison, discussed earlier. The estimated 

D/G ratios presented in Figure 5 show an increase from 

0.06 to 0.071 for SWNTs and 0.216 to 0.34 for MWNTs 

that demonstrate defect enhancement as a result of 

acid etching. Such enhancement in the extent of 

defects is consistently observed in the literature for 

oxidized CNTs [5, 40-43].  

These defects formed during acid etching 

essentially break the hexagonal graphitic structure of 

CNTs and leave unbound carbon sites that are 

vulnerable to oxide group formation [40-41, 44]. Such 

dissociable oxide groups result in increased 

electrostatic interaction that facilitates dispersibility of 

the nano-reinforcement.  

This observation is corroborated by the dispersion 

stability results obtained from TRDLS measurements 

(Figure 6). The hydrodynamic radius values with 

   

Figure 4: Raman spectra of pristine and functionalized (a) SWNTs and (b) MWNTs. 
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respect to time show uniform cluster size with little 

deviation from the average values of 146±23 nm and 

155±11 nm for f-SWNT and f-MWNT aqueous 

suspensions, respectively. Such stable CNT cluster 

formation could be achieved due to the incorporation of 

functional groups via acid etching [46] as discussed 

through TEM and Raman characterization. The 

functional groups provide electrostatic interaction to the 

tubes and thus prevent aggregation and loss in 

stability, which is an inherent tendency of these all-

carbon graphitic structures possessing high van der 

Waal’s attraction [41]. Due to the interplay between 

repulsive electrostatic and attractive van der Waal’s 

interaction, average cluster sizes observed in this study 

are consistent with those documented in the 

literature— 80-140 nm for SWNTs [41] and 150-200 

nm for MWNTs [54-56].  

Furthermore, the cluster size distributions of the 

CNTs are relatively uniform with narrow size 

distribution (Figure 7). These characterization results 

demonstrate effective functionalization and stable 

aqueous dispersion of SWNTs and MWNTs that were 

used to prepare the GNRC composite specimens.  

3.2. TEM Images of GNRC Composites 

Representative TEM micrographs from samples 

containing GNRC composite powder are shown in 

Figure 8. The sampling area for GNRC powder 

collection did not alter the TEM findings. Tubular 

structures, i.e., bundles of f-SWNTs (Figure 8a-b) and 

f-MWNTs (Figure 8c-d), are observed embedded within 

the cementitious matrix— appearing as crystalline 

features, likely to be the metal oxides of calcium-

silicon-aluminum within the cement paste. Isolated and 

bundled tubes of tens and hundreds of nanometers are 

shown to bridge the cementitious matrix (Figures 8a 

and 8c). Figures 8b and 8d show higher magnification 

images that highlight the evidences of preferential 

association and embeddedness of the cementitious 

matrix with the f-CNTs—a visual demonstration of 

physical compatibility between the two materials 

obtained from samples of independent areas at the 

fracture surface. Moreover, distinctive SWNT and 

MWNT signatures are observed in the TEM 

micrographs as exemplified by the presence of single 

tubular layers in Figure 8b and multiple concentric 

layers in Figure 8d. Lengths of the CNTs as observed 

from TEM images are below 1 m, in agreement with 

observations reported in the literature for functionalized 

CNTs (not embedded in composites) [45, 54]. As 

discussed earlier, such shortening has occurred due to 

acid etching of CNTs that oxidizes the ends with –

COOH termination [44, 46, 53]. Overall, the tubes 

 

Figure 5: D/G ratios obtained from Raman spectroscopic 
measurements for pristine and functionalized SWNTs and 
MWNTs.  

   

Figure 6: (a) Aqueous f-SWNT and f-MWNT profile and (b) average cluster size. Error bars represent one standard deviation. 
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observed in these TEMs, show substantial debundling 

for both f-SWNTs and f-MWNTs, which concurs with 

the earlier results of dispersion stability upon 

functionalization.  

It is noted that the crystalline features of the 

cementitious matrix are often attached to the f-CNTs at 

the chemically active ends, produced through 

functionalization (Figure 8b). Literature findings for acid 

etching studies have shown tube breakage and 

creation of carboxylated sites, particularly at the ends 

of the CNTs [44, 57] —that can explain the preference 

of the cementitious matrix for the ends of CNTs. The 

demonstration of such preferential association of 

functionalized graphitic nano-reinforcement with the 

parent matrix is the first to-date visual representation at 

the interfacial nanoscale (sub-angstrom level resolution 

of TEM [58]) of physical compatibility between the 

materials in a GNRC composite. Based on this 

evidence, the colloidal technique for TEM imaging 

presented herein is a viable approach to investigate 

physical compatibility between graphitic nano-

reinforcement and the cementitious matrix in GNRC 

composites—otherwise difficult to accomplish using 

surface imaging techniques (such as SEM) with one 

order of magnitude lower resolution [2-6, 11, 34-36, 59-

61]. 

 

Figure 7: Representative particle size distribution of 
functionalized CNT dispersion. 

 

Figure 8: Representative TEM micrographs of GNRC composite powder with embedded (a-b) f-SWNTs and (c-d) f-MWNTs. 
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4. CONCLUSIONS 

Uniform dispersion of graphitic nano-reinforcement 

and its chemical bond with cementitious matrices are 

key attributes to manufacture nano-reinforced 

cementitious composites with enhanced damage 

tolerance. This study reports effective functionalization 

of SWNTs and MWNTs using an acid etching 

technique. The f-SWNTs and f-MWNTs were used to 

prepare stable aqueous dispersions that were 

incorporated in the mix design for cementitious 

composite sample preparation. A novel colloidal 

approach was developed to image cementitious 

nanocomposites at the interfacial scale. The TEM 

imaging has produced high quality micrographs 

showing preferential association and embeddedness of 

the crystalline features of the cementitious matrix and f-

SWNTs and f-MWNTs. The proposed methodology 

enables better characterization of physical compatibility 

between graphitic nano-reinforcement and 

cementitious material, and is a viable approach to 

advance the understanding of the nano-reinforcement-

matrix interface chemistry.  
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