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ABSTRACT 7 

2D nanomaterials such as graphene oxide (GO) nanosheets have demonstrated marked potential 8 

for reinforcing and functionalizing ordinary Portland cement (OPC) composites. Yet despite its 9 

excellent intrinsic properties, the poor dispersion of GO in cement matrix hampers its 10 

effectiveness in enhancing the performance of OPC composites. In this study, GO was modified 11 

by tetraethylorthosilicate (TEOS) to synthesize thin hybrid GO-SiO2 nanohybrids (GOS). The 12 

GOS was characterized and its dispersion behaviour in cement pore solution was compared to 13 

that of GO. The results demonstrated that GOS had significantly longer dispersion stability than 14 

GO. We propose that the formation of a thin silica coating on GOS prevented cross-linking 15 

between Ca2+ ions from solution and carboxylate groups from GO. The thin silica coating also 16 

functioned as a spacer and minimized agglomeration caused by van der Waals forces. The 17 

effects of GOS on the workability and mechanical properties of cement mix were also 18 

investigated. Compared to batches with GO, GOS nanohybrids provided additional 26% and 19 

22% enhancements of compressive strength and 21% and 31% enhancements of tensile strength 20 

at 7 and 28 days respectively. These results demonstrate the strong potential of our novel 21 

method for improving GO dispersion in a cement environment and for increasing the strength 22 

of OPC composites reinforced by nanomaterials. 23 
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1. Introduction 24 

Graphene-based nanosheets have attracted much attention by virtue of recent developments in 25 

the reinforcement and functionalization of cementitious composites. As a derivative of 2D 26 

graphene nanosheets, graphene oxide (GO) has been the most studied nanosheet in ordinary 27 

Portland cement (OPC) composites [1], due to its superior intrinsic properties such as high 28 

specific surface area of 700-1500 m2/g, elastic moduli of 23-42 GPa and tensile strength around 29 

130 GPa [2, 3]. Recent extensive studies demonstrate that GO can enhance cement composites 30 

through acceleration of the hydration process by providing abundant nucleation sites and high 31 

aspect ratios and by acting as a physical filler with bridging effects and mechanical interlocking 32 

[4-7]. The combination of quantitative X-ray diffraction data analysis and microscopy analysis 33 

has confirmed the potential of GO as a nano-seeding material in the cement composites [8].  34 

Nevertheless, the dispersion stability of GO in cement matrix is critical to the effectiveness 35 

of its enhancement of the properties of OPC composite (e.g. mechanical and transport 36 

properties). Although GO exhibits excellent dispersion in water due to its hydrophilic nature 37 

[9], dispersing it in the highly alkaline cement environment has been challenging [10]. It is 38 

reported that the aggregation and stability of GO in the aquatic environment followed DLVO 39 

theory [11]. Divalent cations such as Ca2+ result in the cross-linking of GO nanosheets in a 40 

cement environment [12, 13]. Severe agglomeration of GO is often observed in both simulated 41 

cement pore solution [14] and cement paste [15]. The formation of large GO agglomerates 42 

within cement mixtures not only reduces the specific surface area of the GO, thereby hindering 43 

its exploitation [16], but also causes the entrapment of free water, thereby significantly reducing 44 

fluidity [17]. Moreover, the presence of these agglomerations hampers proper dispersion, 45 

leading to stress concentrations and the creation of weak zones in final products [18, 19].  46 

Researchers have recently attempted to improve the dispersion of GO in cement paste using 47 

mechanical and chemical approaches. For example, ultrasonication was used to exfoliate 48 

nanosheets before adding them into cement [20-22]. Chuah et al. studied the effects of different 49 
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types of surfactant on GO dispersion in cement composites [14]. Zhao et al. investigated the 50 

use of surfactant modified GO for better dispersion in a cement environment [23]. Other 51 

additives such as silica fume and silica sand have been incorporated to mechanically separate 52 

GO nanosheets before mixing them with cement [15, 24]. However, all these measures have 53 

had limited effectiveness. Physical mixing with silica might not separate GO nanosheets 54 

effectively because the silica particles can be randomly located anywhere within the cement 55 

matrix [15]. Surfactants, on the other hand, create more complex systems in the cement 56 

environment [25]. Also, GO agglomerates immediately when first mixed with cement, so that 57 

the subsequent addition of surfactant has a negligible effect on GO dispersion [26]. Meanwhile, 58 

mechanical methods such as ultrasonication cannot prevent re-agglomeration of GO after the 59 

sonication procedure [1]. 60 

Here, we propose a novel approach for effectively improving the dispersion of GO 61 

nanosheets in cementitious composites. GO nanosheets are coated with a thin layer of silica (~2 62 

nm thickness) by covalent bonding to form 2D GO-SiO2 (GOS) hybrid nanosheets. It is 63 

expected that the coated silica will chemically modify the GO surface and also serve as a spacer 64 

to prevent the agglomeration of nanohybrids in the cement environment. 2D GOS nanohybrids 65 

have been studied previously for the development of multifunctional materials such as super-66 

hydrophilic surfaces [27] and high-strength thermally conductive epoxy nanocomposites [28]. 67 

To the best of our knowledge, however, no research has been reported concerning the use of 68 

2D GOS nanohybrids in cementitious composites.  69 

In this study, GOS nanohybrids were synthesized and characterized via several microscopy 70 

and spectroscopy techniques. Then, the dispersion stability of the GOS was compared to that 71 

of GO in a simulated cement pore solution. Further, cement pastes with the addition of 72 

nanosheets were produced and investigated for their effects on the workability and mechanical 73 

properties of cement. The results showed that GOS had significantly longer dispersion stability 74 

than GO in the cement environment. Moreover, GOS-reinforced cement paste displayed better 75 
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workability and mechanical properties than cement pastes with GO or GO + nanosilica added 76 

separately. This study indicates the strong potential of GOS to effectively improve the poor 77 

dispersion and workability issues of GO in OPC and to provide a breakthrough in the 78 

reinforcement effectiveness of cement composites by GO nanosheets.  79 

2. Materials and Methods 80 

2.1. Materials 81 

GO solution with the concentration of 4 mg/ml was purchased from Graphenea® (Spain). The 82 

chemical composition of GO is given in Table 1. Ammonia solution (28 wt%) and 83 

tetraethylorthosilicate (TEOS, 99%) were purchased from Sigma-Aldrich, Australia and used 84 

as received. Hydrophilic nanosilica with the diameter of 9.8±1.2 nm was prepared as a solution 85 

(6 wt%) and used in this study. Over 100 particles were selected from microscopic images and 86 

their diameters were measured by the software ImageJ. Then the diameter was determined 87 

based on the mean value through statistical analysis. A microscopic image and the histogram 88 

of particle diameter distribution are shown in Fig.S1 in the supplementary material. Portland 89 

cement powder purchased and used in this study conformed to the requirements of Type 1 90 

Normal Cement, as defined by ASTM C150 [29]. The composition of the cement is shown in 91 

Table 2. 92 

 93 

Table 1 Components of GO. 94 

Element Carbon Hydrogen Nitrogen Sulphur Oxygen 

% 49-56 0-1 0-1 0-2 41-50 

 95 

Table 2 Components of cement. 96 

Compound Al2O3 SiO2 CaO Fe2O3 K2O MgO Na2O SO3 Others 

% 4.7 19.9 63.9 3.4 0.5 1.3 0.2 2.6 3.0 
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2.2. Synthesis and characterization of GOS nanohybrids  97 

The 2D GOS nanohybrids were synthesized via a sol-gel process [27, 28]. In a typical procedure, 98 

nanosilica particles were deposited on GO nanosheets by in situ hydrolysis and condensation 99 

of TEOS. Several batches of GOS composites were prepared for characterization and cement 100 

mixing. For each batch, 40 ml GO suspension (containing 160 mg GO nanosheets) was first 101 

ultrasonicated in 400 ml ethanol for 2 hours to obtain a homogeneous solution. Then 6 ml 102 

ammonia was mixed into the solution to adjust the pH at around 9 before ultrasonication for a 103 

further 1 hour. After that, 0.7 ml of TEOS was added to the solution to react with the GO. After 104 

3 hours of ultrasonication, the mix was kept at room temperature (25°C) for 2 days. Finally, the 105 

mixture was centrifuged and washed with ethanol 5 times to remove free silica and then the 106 

product was stored in distilled water for the further use. The synthesis procedure is shown in 107 

Scheme 1. 108 

 109 

Scheme 1. The procedure for the synthesis of GOS nanohybrids. 110 

2.3. Characterization techniques 111 

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Nova 112 

spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα source at 113 

the power of 180 W (15 kV * 12 mA), a hemispherical analyser operating in the fixed analyser 114 

transmission mode and the standard aperture (analysis area: 0.3 mm × 0.7 mm). Scanning 115 

electron microscope (SEM) images were measured by FEI Nova NanoSEM 450 FEG SEM, 116 

with an accelerating potential of 5 kV and work distance of 3.0 mm. Transmission electron 117 
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microscopy (TEM) was performed with an FEI Tecnai G2 T20 TEM operating at 200 kV. 118 

Selected-area electron diffraction (SAED) patterns were taken using the same instrument. A 119 

Bruker’s Dimension Icon Atomic force microscope (AFM) was used to measure the thickness 120 

of the GOS sheets. Fourier transform infrared spectroscopy (FT-IR) was performed using an 121 

attenuated total reflectance (ATR) FTIR (Perkin Elmer, USA) in the range of 500-4000 cm-1 at 122 

an average of 32 scans with the resolution of 4 cm-1. Zeta potential was measured by Zetasizer 123 

Malvern Nano. Uv-vis spectra were recorded in the range from 220 to 1100 nm on a Shimadzu 124 

UV 4800 UV-vis photo spectrometer. 125 

2.4. Dispersion of GO and GOS in alkaline cement environment 126 

To study the dispersion of nanosheets in an alkaline cement environment, a simulated OPC pore 127 

solution similar to that frequently used in past studies [30, 31] was prepared with components 128 

as listed in Table 3. The ion concentrations were similar to those in the extruded pore solution 129 

from this type of cement [10]. The dispersions of GO and GOS nanosheets were quantitatively 130 

investigated by UV-vis spectroscopy with the assistance of visual photography for the 131 

observation of sedimentation.  132 

Table 3 Composition of the simulated OPC pore solution [31]. 133 

Component Ca(OH)2 CaSO4 NaOH KOH 

Concentration (g/L) Saturated 27.6 8.2 22.4 

 134 

As well, a series of four different solutions, each containing a single component of the pore 135 

solution with the same concentration, was prepared to investigate the effects of the individual 136 

pore solution components on GO and GOS dispersion. As shown in Table 4, GO or GOS 137 

solution was added into different aqueous solutions to study their dispersion stability at the 138 

concentration of 0.04mg/ml. An additional test with a higher concentration of GO was 139 

performed to provide more evident phenomena for further analysis. Since the agglomeration 140 
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was more severe in the first hour during the setting of the cement [32], the UV-vis spectra were 141 

recorded every 10 min for 1 hour. 142 

Table 4 Mix suspensions. 143 

Suspension type Concentration (g/L)  pH Concentration of 
GO/ GO in GOS 

(mg/ml) 

Total volume 
of suspension 

(ml) 
Distilled water (reference) / / 0.04  3  

Ca(OH)2 Saturated 12.5 0.04  3  

CaSO4 27.6 (0.2) a 7.4 0.04  3  

NaOH 8.0 (0.2) a 13.0 0.04  3  

KOH 22.4 (0.4) a 14.0 0.04  3  

Pore solution* / 12.6 0.45  3  
a (mole/L).  144 

2.5. Mixing, workability and mechanical property testing of cement pastes  145 

Four groups of cement paste were prepared: one control sample and three other samples with 146 

the addition of GO, GOS and GO+S respectively. GO+S was designed in this study to prepare 147 

hybrid nano-dispersion of GO and nanosilica particles through physical mixture and 148 

ultrasonication. This method had been studied previously to investigate the hybrid effects on 149 

cement reinforcement [33], and was used here for comparison with our method. In these three 150 

groups, the same amount of GO (0.02% by weight of cement) was maintained, being in the 151 

reported range (0.02%-0.04%) within which the ratio of GO to cement could effectively 152 

improve cement paste strength [6, 20-22, 34]. The weight of the coated silica in GOS was 153 

calculated by subtracting the GO part from the total weight of GOS. The weight of nanosilica 154 

particles in the GO+S was kept the same as that in the GOS. The mix designs for the cement 155 

pastes are shown in Table 5. To avoid additional effects on the dispersion of nanomaterials 156 

which would create a much more complex system, no superplasticizer was used in any batch. 157 

The workability of each cement paste was measured by the mini slump test [35, 36]. 158 

Table 5 Mix design for cement pastes. 159 
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Sample w/c Nanomaterials (by weight of cement) 

Control 0.5 / 

GO 0.5 0.02% GO 

GOS 0.5 0.02% GO + thin silica coating (0.02% on average) 

GO+S 0.5 0.02% GO + 0.02% nanosilica 

 160 

The cement pastes with different nanomaterial contents were prepared using a high-shear 161 

mixer (a Model 7000 constant speed mixer from Cement Test Equipment). A wet-mix design 162 

method was adopted for the GO-cement composites [37], in which GO was dissolved in water 163 

and then regarded as the mixing water after sonication. The following mixing procedures as 164 

specified in ASTM Standard C1738 [38] were adopted: 165 

- Nanomaterial solutions were separately bath sonicated. 166 

- The calculated amount of the nanomaterial solution (GO, GOS, or GO + S) was placed in 167 

the mixing vessel, followed by the addition of the required water. The total volume of water 168 

was kept the same in all batches. The nanomaterials were then homogeneously dispersed 169 

in water by running the mixer at a very slow speed (150 rpm) for 30 s.  170 

- Cement powder was added into the solution over a 30s period of mixing at slow speed 171 

(4000 rpm). Mixing was continued for another 30 s at the same speed before switching to 172 

a high speed (12000 rpm) for 30 s.  173 

- Any material adhering to the side of the vessel was scraped down into the mix, which was 174 

left still for 150s before mixing for another 30s at high speed. 175 

After this mixing, a fraction of the cement paste from each group was used for the mini 176 

slump test. The rest of the cement paste was cast into ⌀23.5×47 mm cylinders and vibrated for 177 

approximately 30s on a vibrating table. The cylinders were then sealed with polyethylene sheets 178 

to retain moisture. The samples were demoulded after 24 hours and then cured in a saturated 179 

lime water bath at 20°C until testing.  180 

The mechanical properties of compressive strength and tensile strength of the cement paste 181 

were tested at the ages of 7 and 28 days. The loading rate was set at 0.15 mm/min for 182 
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compressive tests. The splitting tensile strength was obtained following standard Brazilian tests. 183 

The tests were performed using an Instron 4204 50kN loading frame and a Shimadzu testing 184 

match with the capacity of 300kN. A minimum of four samples were tested for each group. 185 

3. Results and Discussion 186 

3.1. GOS nanohybrids characterization 187 

The characterization of GO nanosheets including AFM and TEM images is shown in Fig. S2 188 

in the supplementary material. The morphology of the GOS nanosheets was characterized using 189 

SEM, TEM and AFM to observe the SiO2 coating grown on GO sheets. Fig. 1a displays an 190 

SEM image of GOS, in which the nanosheet presents a typical 2D morphology of graphene 191 

oxide with a wrinkled structure. There is a protuberant coating on the surface of the GO, 192 

comprised of abundant silica particles with the average diameter of 10±1.3 nm. The diameter 193 

distribution of silica particles is shown in Fig. S3, as measured by the software ImageJ. The 194 

TEM image and SAED pattern (Fig. 1b) illustrate that the coated silica is amorphous with a 195 

diffuse scattering pattern, while the GOS maintains the basal crystalline structure of the original 196 

GO sheet. The morphology result is consistent with previous studies using similar synthesis 197 

methods [27, 28]. However, to retain the flexibility of the GO nanosheets, the coating thickness 198 

was kept minimal in this study through a low TEOS to GO ratio in the synthesis procedure. The 199 

AFM image and profiles show that the thickness of a single GO sheet is around 1 nm (Fig. S2). 200 

The thickness of coated silica on the GOS was calculated by subtracting GO thickness from the 201 

total thickness (Fig. 1c and d). Since both sides of the GO surfaces had been coated, the silica 202 

is around 2 nm thick. 203 

The microstructure images illustrate the successful synthesis of thin GOS nanosheets by a 204 

uniform silica coating on GO nanosheets without compromising the 2D morphology and 205 

crystalline structure of the basal plane. The ultrathin nanoscale coating and the morphology of 206 

the nanosheets suggest minimal change in the 2D structure of the GOS nanosheets compared 207 
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to that in the original GO nanosheets. Since the large aspect ratio of GO is an important 208 

mechanism in cement composites for providing abundant nucleation sites, this synthesis 209 

preserves the potential application of GOS for enhancing cement composites. 210 

 211 

Figure 1. (a) SEM, (b) TEM and SAED, and (c) AFM images of GOS nanosheets, (d) section profiles 212 
of lines shown in (c). The inset in b shows the electron diffraction pattern. 213 

XPS was used to ascertain the decoration of silica on GO and to follow the resulting 214 

compositional changes. As shown in Fig. 2a, the survey spectrum of GO displays characteristic 215 

O 1s and C 1s peaks centred around 533 eV and 287 eV respectively. After silica coating, the 216 

GOS exhibits Si 2s and Si 2p peaks with an obvious change in the C/O atomic ratio. After 217 

subtraction of the oxygen of GO from the total oxygen, the ratio of the remaing oxygen to 218 

silicon (instead of the total oxygen) in the GOS is close to 2, confirming that the coated 219 

nanoparticle is silicon dioxide. The ratio of total oxygen to silicon in the GOS is significantly 220 

greater than 2 (silicon dioxide) because of the presence of organic oxygen (GO) in addition to 221 
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the silica nanoparticles. After the TEOS concentration was increased (5 times) while keeping 222 

the dosage of other materials and the experimental conditions unchanged (new composite, 223 

labelled GOS-5), the additional O:Si ratio (coated material) is still close to 2, validating the 224 

formation of SiO2. In this case, the silicon to carbon ratio is significantly higher, which indicates 225 

the higher amount of coated silica. This experiment also indicated that the amount of  coating 226 

silica could be controlled by adjusting the dosage of TEOS. It was demonstrated that the 227 

sucessful coating of silica during this synthesis method resulted from the condensation of TEOS 228 

with the protic functional groups such as hydroxyl and carboxyl on the surface of the GO [27, 229 

39].  230 

The evolution of the surface functionalities of the nanostructure was further characterized 231 

via FTIR analysis. Compared with typical spectra of GO similar to those in the literature [27], 232 

GOS displays several new peaks (Fig. 2b). For instance, two intense peaks around 1067 and 233 

447 cm-1 are related to the Si-O-Si asymmetric vibration and bending vibration, respectively 234 

[40]. The peak around 965 cm−1 is ascribed to the Si–OH stretching and that around 795 cm−1 235 

is attributed to Si-O-Si symmetric vibrations [41].  236 

Fig. 2c shows the UV-vis curves for GO and GOS water solution. The GO water solution 237 

presents a typical UV-vis curve with two characteristic features, the peak band at 230 nm and 238 

the shoulder band around 300 nm, which are assigned to the π-π* transition of C=C bonds and 239 

the n-π* transition of C=O bonds, respectively [14, 15]. A similar curve is observed for the 240 

GOS water solution, where the peak at 230 nm is evidence of the maintenance of the graphene 241 

structure during the coating process. 242 
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 243 

Figure 2. (a) XPS spectra of GO, GOS and GOS-5. (b) FTIR spectra of GO and GOS. (c) UV-vis 244 
spectra of GO and GOS in water. 245 

The zeta potentials of GO and GOS dispersion in distilled water were measured to 246 

investigate the differences in surface charge. The zeta potential of the GO dispersion was about 247 

-56.7 mv whereas that of the GOS was about -52.2 mv. Such high zeta potentials indicated 248 

strong electrostatic repulsion between adjacent particles and, accordingly, dispersion stability 249 

in both systems [42]. These results also showed that the change in surface charge caused by the 250 

silica decoration was negligible and the excellent hydrophilic nature of the nanosheets was 251 

maintained. The negligible change in the surface charge and the excellent hydrophilic nature of 252 

the nanosheets after silica decoration could be attributed to the abundant hydroxyl groups on 253 

silica, as indicated by the peak around 965 cm-1  in FTIR spectra (Fig. 2b).  254 
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This synthesis procedure exhibited good efficiency and controllability of coating silica on 255 

GO sheets by simply controlling the amount of TEOS, indicating the feasibility of large-scale 256 

fabrication and facilitating the use of GOS as a potential nanoreinforcement.  257 

3.2. Dispersion stability of GOS nanohybrids in alkaline cement environments  258 

UV-vis spectroscopy has been widely used to estimate the dispersion stability of nanomaterials 259 

such as CNTs [43], GO [14] and boron nitride nanosheets [30] in aqueous solution. According 260 

to the Beer-Lambert law, light absorbance at a specific wavelength is proportional to the 261 

concentration of the absorbing species [19, 44]. Thus, reduction in absorbance can directly 262 

indicate the degree of deterioration of the dispersion. The dispersion of GOS and GO in water 263 

revealed excellent stability, since almost no change was observed over 16 hours on UV-vis 264 

spectra, as shown in Fig. 3.  265 

 266 

Figure 3. UV-vis spectra for (a) GOS and (b) GO in water solution at 0, 1 and 16 hours.  267 

It is commonly recognised that cement composite is highly alkaline, due to the high calcium 268 

hydroxide content in pore solution, which occupies 60% volume fraction of fresh cement paste 269 

[19, 32]. In such a high pH environment with several ion types, agglomeration of nanomaterials 270 

is usually observed [14, 30], which can decrease reinforcing efficiency due to the lower aspect 271 

ratio and stress concentration [18, 45].  272 
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In this study, both GO and GOS UV absorption displayed narrow peaks at 230 nm, so this 273 

wavelength absorbance was used for measurement and the peak intensity at this point in the 274 

spectra of corresponding reference (dispersion in water solution) was set as the benchmark for 275 

both GO and GOS. The dispersion states of GO/GOS in water solution was regarded as the 276 

initial level with absorbance reduction as 0%. A greater reduction would mean lower 277 

absorbance, indicating poorer dispersion of GO/GOS with a smaller specific surface area [46].  278 

Fig. 4 displays the absorbance reduction curve based on the UV results for the dispersion of 279 

GO and GOS in Ca(OH)2, CaSO4, NaOH and KOH solutions within 1 hour. The term “Int” in 280 

the figure refers to the initial state of the dispersion, i.e., in the water solution. As for GO, the 281 

absorbance reduces immediately, around 55%, 35%, 28% and 50% in Ca(OH)2, CaSO4, NaOH 282 

and KOH, respectively. At the same time, agglomeration of GO is clearly observed in cuvette, 283 

as shown in Fig. 5a. Of the four solutions, Ca(OH)2 with pH of ~12.5 has the strongest effect 284 

on GO dispersion due to the cross-linking of GO nanosheets by divalent calcium ions [12, 13]. 285 

The results show that the initial effect of KOH with pH of ~14.0 is stronger than that of NaOH 286 

with pH of ~13.0, a finding which can be attributed to the higher pH and higher concentration 287 

of KOH in pore solution. After 40 minutes, GO displays a similar degree of agglomeration in 288 

both NaOH and KOH solutions. CaSO4 also causes less reduction in absorbance compared to 289 

Ca(OH)2, due to its neutral pH environment (pH ~7.4) and lower weakening of electrostatic 290 

repulsion forces. This result was consistent with the reported finding that Ca2+ had a strong 291 

influence on GO agglomeration regardless of pH, whereas K+ and Na+ had an adverse effect on 292 

GO dispersion at pH values higher than 13 [14]. It is worth mentioning that the increase after 293 

the initial reduction is attributed to the GO aggregates floating in front of the light path, which 294 

can be considered evidence of severe agglomeration. 295 
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 296 

Figure 4. Absorbance reduction at 230nm of the GO and GOS dispersion in (a) Ca(OH)2,(b) 297 
CaSO4,(c) NaOH and (d) KOH solution within 60 minutes. Highlighted area indicates the absorbance 298 

change from water solution to other solutions. 299 

 300 

Figure 5. Visual observation of (a) GO and (b) GOS dispersion in different solutions (i) when 301 
GO/GOS was added into the solutions (t=0 min), (ii) after 1 hour, and (iii) after 1 hour then shaken.  302 

Unlike the GO solution, in which immediate agglomeration was observed upon its addition 303 

to the solutions, no obvious agglomeration was detected when the GOS was added into the 304 

solutions, as shown in Fig. 5b. The UV-vis spectra in Fig. 4 demonstrate a slight reduction in 305 

the absorbance of GOS within 60 minutes, nearly 5% in CaSO4, NaOH and KOH, 10% in 306 
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Ca(OH)2. In a neutral environment with Ca2+, no cross-linking phenomenon is observed. This 307 

can be due to the lack of active crosslinking sites in GOS as a result of the reaction between 308 

TEOS and GO in which free carboxyl groups (-COOH) are covered by the coated silica through 309 

–COO-Si groups [27, 28]. In a highly alkaline environment (pH>13) with monovalent cations 310 

such as K+ and Na+, the agglomeration of GOS is also negligible within 1 hour. We propose 311 

that the coated silica on the GO surface acts as a spacer which prevents the formation of large 312 

aggregates, minimizing the attraction of GOS nanosheets via van der Waals forces. In the case 313 

of Ca(OH)2, however, the agglomeration is much more noticeable. Although the cross-linking 314 

effect is weakened by the coated silica, a pozzolanic reaction possibly occurs between the 315 

coated SiO2 and Ca(OH)2, forming calcium silicate hydrate (C-S-H) on the surface of the GO 316 

nanosheet [47]. Moreover, the combined effect of high concentrations of OH- and Ca2+ is more 317 

severe than in the other three solutions, based on DLVO theory, partly overcoming the 318 

protection of the silica.  319 

The stability of aggregates can be assessed using the end-over-end shaking method [48]. In 320 

this study, the stability of agglomeration was roughly tested by shaking each sample 3 times 321 

after 1 hour and visually observing its re-dispersion. The results in Fig. 5a show that severe 322 

agglomeration of GO still occurs in all the solutions, even after vigorous shaking. In the GOS 323 

samples (Fig. 5b), the solutions visibly recover their initial states except for Ca(OH)2, in which 324 

agglomerated particles are still observable. That result suggests that a pozzolanic reaction and 325 

strong connection has already occurred among GOS nanosheets in Ca(OH)2, whereas in the 326 

other three solutions the attractive force between GOS nanosheets could be more easily 327 

disturbed.  328 
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 329 

Figure 6. Schematic of (a) GOS synthesis, (b) GO and (c) GOS dispersion in solutions.  330 

Based on the presented results, we propose that the superior dispersion stability of GOS 331 

compared to GO is associated with both physical and chemical modification of the GO surface 332 

properties. The schematic in Fig.6 shows the reaction between TEOS and GO under basic 333 

conditions. In the water-alcohol solution, TEOS hydrolyses and condensates with the protic 334 

functional groups such as hydroxyl and carboxyl on the GO surface [27, 28, 39]. The growth 335 

of silica covers carboxyl functional groups, which is the main feature responsible for GO cross-336 

linking in the cement environment [14]. Therefore, coated silica in GOS can effectively mitigate 337 

the cross-linking of nanosheets. Furthermore, the coated silica on GOS can function as a spacer, 338 

physically separating the nanosheets and weakening the van der Waals forces, which is a 339 

distance-dependent interaction. This reasoning is supported by the minimal agglomeration of 340 

GOS nanosheets occurring in NaOH, KOH and CaSO4 and also its re-dispersion after the end-341 

over-end shaking method. In Ca(OH)2 solutions, GOS agglomeration is due to the pozzolanic 342 

reaction between silica and Ca2+ with a high concentration of OH-, resulting in the formation of 343 

C-S-H.  344 
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It is worth mentioning that the arrangement of aggregates of GOS in Ca(OH)2 was 345 

significantly different from that resulting from the GO nanosheets. This difference is even more 346 

noticeable with a higher concentration of added GO and GOS in pore solution (Fig. 7). After 347 

being added into pore solution, GO agglomerates immediately in a random arrangement and 348 

precipitates quickly in 5 minutes, whereas the GOS aggregates form a more uniform 349 

distribution and precipitate gradually over 30 minutes. This phenomenon illustrates that 350 

although GOS partly agglomerated in a cement environment, those agglomerates could be 351 

distributed more evenly in cement paste, decreasing the effects of stress concentration [18, 19]. 352 

In addition, the formation of C-S-H on the GOS surface was well aligned and could improve 353 

the compatibility and interaction between nanohybrids and cement grain.            354 

 355 

Figure 7. Visual observation of GO (left) and GOS (right) dispersion in synthetic pore solution within 356 
30 minutes.  357 

3.3. GOS nanohybrid-reinforced cement pastes 358 

The effects of nanomaterials on the workability and mechanical strength of cement paste can 359 

be considered evidence for the effective dispersion of nano-additives [16] . As shown in the 360 

results in Fig. 8a, the workability of cement paste decreases with the addition of GO nanosheets, 361 

due to their large surface area and thus high water requirement for surface wetting [4, 7, 23]. 362 

Moreover, poor dispersion stability of the nanosheets in the cement environment would result 363 

in serious agglomeration, trapping free water and thereby significantly reducing fluidity [17]. 364 

Among the four mix designs (Table 5), GOS had the highest workability after the control 365 

sample. This is because lower agglomeration releases more trapped water and as result increases 366 
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the fluidity of the mixture, which further suggests the superior dispersion of GOS compared to 367 

GO in the cement paste. GO+S also shows higher fluidity than GO, which is consistent with 368 

reports in the literature that nanosilica can act as a filler between GO nanosheets and slightly 369 

improves GO dispersion. In comparison with GO+S prepared using a simple mixing approach, 370 

in which SiO2 nanoparticles would be randomly and unstably attached to the GO surface, GOS 371 

hybrids with the same amount of nanosilica displayed more effective dispersion because the 372 

thin silica coating covered the GOS more uniformly.  373 

 374 

Figure 8. (a) Slump test results, (b) compressive strength and (c) tensile strength of Portland cement 375 
pastes with different additives. 376 

Fig. 8b and c show the effects of the nanomaterials involved in the 7-day and 28-day 377 

compressive and splitting tensile strength of cement paste respectively. Compared to the control 378 

cement paste, the compressive strength of the GO cement was increased by 10.6% and 8.9% at 379 

7 and 28 days, while the tensile strength increased by 10.5% at 7 days but remained similar at 380 

28 days.  Factors contributing to the enhancement of cement strength by GO might include 381 

promotion of the hydration process, the particular morphology and intrinsic strength of GO, 382 

crack arresting by GO nanosheets, and mechanical interlocking between the GO and hydration 383 

products [4, 6, 49]. But these enhancement effects could be countered by the poor dispersion of 384 
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GO in cement and its negative impact on workability, leading to insignificant reinforcement or 385 

even an adverse impact on cement composites by the addition of GO [1, 7, 14].  386 

GO+S produced superior reinforcement effects to those of GO in both compressive 387 

(increased 29.7% at 7 days and 21.7% at 28days) and tensile strength (increased 15.9% at 7 388 

days and 17.9% at 28 days), indicating the better dispersion of nanomaterials by the hybrid 389 

effects of GO and nanosilica [33]. But there would be negligible influence on the degree of 390 

hydration from such a small amount of nanosilica (0.02% by weight of cement). Past studies 391 

have reported that at least 0.5% nanosilica by weight of cement (25 times the weight of silica 392 

in this study) was needed to contribute to the reinforcement of cement strength [50-52]. 393 

In the GOS-reinforced cement, compressive strength increased by 36.3% and 30.9% at 7 394 

and 28 days, and tensile strength increased by 31.1% and 29.9% respectively. This enhanced 395 

compressive strength could result from the improved dispersion of GOS nanosheets, mitigating 396 

the negative impact of entrapped pores and stress concentration. As for the improvement in 397 

tensile strength, GOS could better fulfil its role as a filler and enhance the bridging effect with 398 

its high aspect ratio and intrinsic strength under good stability of dispersion [49]. Compared to 399 

GO+S with similar components, GOS had greater mechanical strength, resulting from the better 400 

dispersion behaviour of nanomaterials. This finding indicated that coating silica on the surface 401 

of GO provided higher efficiency in dispersion improvement than mixing nanosilica with GO. 402 

Our results for the workability and mechanical strength of cement paste suggest that GOS 403 

exhibits better dispersion stability than both GO and GO+S in a cementitious environment. It 404 

has been pointed out that the main challenges for graphene-based nanosheets in the construction 405 

field include its dispersion in cement matrix and its influence on workability of the cement mix 406 

[1]. Table 6 compares our method to other protocols for improving GO dispersion and 407 

maintaining good workability of GO reinforced cement, such as mixing GO with silica fume 408 

[15] and superplasticizer [23, 26]. The incorporation of silica fume requires large amount of 409 

content while the improvement of cement strength results mainly from the silica fume. 410 
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Although the addition of superplasticizer with the mass ratio to GO of around 10 could improve 411 

the dispersion of GO in the early stage and increase the strength of cement, it would infinitely 412 

increase the fluidity of the cement paste with the higher concentration of GO in the cement 413 

composites, thereby hindering the effectiveness of GO in cement reinforcement [23, 25].  414 

Table 6 Comparison of our method (coating silica) with other protocols in the literature. 415 

Agents to improve 

GO dispersion  

Dosage  

(ratio to GO) 

Improvement of compressive strength at early age 

Compared with 

plain sample 

Compared 

with sample 

with GO only 

Compared with 

sample with 

additive only 

+ Coating silica 1 36% 26% / 

+ Silica fume [15] 100-500 10% - 17% 11%~18%  (-3%)~13% 

+ Superplasticizer [23, 26] 10-15 27% (-2%)~7% 11%~20% 

 416 
In our study, good dispersion stability was achieved by coating only a thin layer of silica on 417 

the GO surface (silica to GO ratio of 1). GOS nanosheets can be regarded as a candidate for 418 

solving dispersion and workability issues simultaneously for further enhancement of cement 419 

composites, with high feasibility for application in the construction field. 420 

 421 
4. Conclusions 422 

Graphene oxide–silica (GOS) nanohybrids were successfully synthesized through coating silica 423 

on the GO surface via covalent bonding between TEOS and GO sheets. The prepared GOS 424 

nanohybrids exhibited an excellent hydrophilic nature and maintained the two-dimensionality 425 

of GO nanosheets. The coated silica on the GOS surface prevented GO cross-linking and acted 426 

as a spacer, stabilizing the GO nanosheets in a highly alkaline environment with various metal 427 

ions and significantly improving their dispersion in the cement environment. The improved 428 

dispersion of nanosheets reduced the amount of agglomeration in cement paste, decreasing the 429 

negative impacts of agglomeration such as reduced workability and poor mechanical 430 

reinforcement. Meanwhile, with the same amount of nanosilica, GOS exhibited higher 431 

effectiveness than the simple addition of GO + nanosilica particles (GO+S). GOS added 432 
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additional 26% and 22% to compressive strength and 21% and 31% to tensile strength at 7 and 433 

28 days respectively in cement paste compared with GO reinforced cement. As alternatives to 434 

GO nanosheets, GOS nanohybrids showed strong potential to enhance the effectiveness of 435 

nano-reinforcement in OPC composites. 436 
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