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ABSTRACT
Graphene, graphite nanoplatelets and graphene oxide are emerging nanomaterials for future technologies. Despite the conservative nature of the building industry, nanomaterials are already making their way into some construction applications and nanotechnologies have the potential to open a new season in this field. Recent studies reported mechanical improvements in cement-graphene oxide composites. The interaction between the carbon nanoadditives and C-S-H is not clear yet. In this paper, we investigate whether and how graphite nanoplatelets and graphene oxide affect morphology and kinetics of C-S-H formation, studying the simple reaction between calcium oxide and silica. Influence on hydration by two different types of silica having different specific surfaces was considered. Instrumental analyses of the products were performed through Infrared and Raman spectroscopy, TG and SEM analysis up to four weeks. Results indicate that GO interacts with C-S-H phase and hinders its formation while GNPs remain only dispersed in the matrix.
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INTRODUCTION
Carbon nanomaterials have proven to be very promising tools for the improvement of composite materials in various industrial and academic fields. For what concerns the construction industry, several studies have been reported about the possibility of introducing carbon micro and nanofillers in cement thus increasing its resistance, in particular its flexural strength1. Li et al.2 found that carbon nanotubes functionalized with carboxylic groups interact strongly with the cement matrix. Improvements of compressive and flexural strength by up to 19% and 25% with respect to the control were found. A carbon nanomaterial with excellent mechanical properties is graphene. In simple terms, graphene is a single layer of graphite that is a two-dimensional atomic crystal made up of carbon atoms arranged in a hexagonal lattice. Graphene oxide (GO) is the product of the strong oxidation of graphite through Hummer’s method3 and it is made of a layer of graphene with epoxy and hydroxyl groups attached on its surface and carboxyl groups attached on the edges. These moieties make GO polar and dispersible in water. The patent WO2013096990 A1, published in 2013 by the Monash University4 is related to the addition of GO in cement mortar. The patent claims that small amounts of GO are able to produce remarkable improvement of mechanical properties of the composite. Lv et al.5, 6 found a compressive/flexural strength increase of more than 45/60% respectively at 28 days with the addition of 0.03% GO bwc. The authors related these results to the effect of GO on the microstructure of the cementitious matrix, which appeared denser and modified with respect to the control. Moreover, they suggested that GO can have a template effect and that GO promotes the assembly of flower-like and polyhedral structures from rod-like crystals, with the ultimate formation of a dense structure.
Pan et al.7 found that the addition of GO increases the compressive/flexural strength by 15-33/41-59% respectively. This is ascribed to two reasons: the high load transfer efficiency of the strong covalent bonds between GO (thanks to its functionalities) and the products of hydration and the capacity of GO sheets to deflect cracks and change the fracture behaviour. It was found that the addition of GO produced an increase of the amount of small and medium pores (1-45 nm/3,937e-8-1,7717e-6 in) with the surface area rising from 27.3 m2/g (8330.6 ft2/oz) to 64.9 m2/g (19804.4 ft2/oz). The reasons were attributed to the high degree of hydration promoted by GO. 
Probably the main issue of the use of graphene-related material (GRM) is the good dispersion of the nanoparticles in the cementitious matrix. Babak et al.8 used a polycarboxylate superplasticizer and an ultrasonication process in order to disperse adequately GO in water. Moreover, Li et al.9 found that, in presence of Ca2+ ions, the aggregation of GO platelets is facilitated and that the addition of a proper amount of silica fume (SF) is able to tackle it.
In this paper, we investigate the effects of graphite nanoplatelets (GNPs) and GO addition on C-S-H formation. It is the main product of the hydration of Portland cement and is primarily responsible for the strength in cement-based materials10. C–S–H makes up about 50% of the hardened paste volume and plays an essential role in controlling its engineering behaviour. 
In this study, we adopt a simple model by exploiting the pozzolanic reaction between calcium oxide and silica to produce the C-S-H phase and by using a high water-to-solid ratio, according to the fundamental studies on the subject12, 13. We also investigate the effects of two different kinds of silica, silica fume and pyrogenic silica, characterized by two very different specific surface areas. Previous preliminary studies performed in Politecnico di Milano, CMIC laboratory14, have attained the optimisation of instrumental analysis on cement–GO composites by Raman and SEM methods. The relevance of particle dimensions was there underlined. 
RESEARCH SIGNIFICANCE
This paper studies the influence of graphene-related nanomaterials like GNPs and GO on C-S-H, the main phase of hydrated cement. By confining the investigation to the simple CaO/SiO2/H2O system, we intend to get results on the interaction of C-S-H with GRM, for both kinetics and morphology. The capability of controlling the cement core is considered a fundamental key to produce improved binders and superior concrete10. Fundamental understanding at the nanoscale of the hydration process and cementitious matrix structure and its interaction with other constituents is still limited and C-S-H is not yet completely resolved. The goal of making nanotechnology on the hydrated products is even farther11.
EXPERIMENTAL PROCEDURE
Materials
CaO was prepared through decarbonation of CaCO3 (VWR International, Lutterworth, Leicestershire UK; reagent grade) at 950°C (1742°F) for 3 hours and maintained under anhydrous dried atmosphere. Two different types of SiO2 have been used: commercial silica fume (Globe Metallurgical, Inc., Selma, Alabama, USA) and Aerosil©200 by Evonik (Evonik Industries, Essen, Germany). Differences in dimension and morphology are shown in Table 1 and Figs. 1-2.
The infrared spectra are similar and present the two characteristic peaks of silica at 1105 cm-1 (strong, large) and 814 cm-1 (weak).
The graphite nanoplatelets (GNPs) were supplied by Nanesa Srl (Nanesa Srl, Arezzo, Italy) with the commercial name of G2Nan. It is a water-based paste with a GNPs concentration of 5%. The exfoliated graphene oxide (GO) was supplied by Graphenea S.A. (Graphenea S.A., Donostia-San Sebastian, Spain) at a concentration of 4 mg/ml (0.53 oz/gal (US)) in aqueous dispersion. The reported carbon content is 49–56% on dry base; the oxygen content is 41-50%. 
Further information is available in Tables 2-3 and Fig. 3. 
A very small amount of polycarboxylate-based dispersant (PCP) was added to water to facilitate the dispersion of GO and GNPs. The PCP is a comb-polymer polyethylene oxide (PEO) branched polyacrylic acid synthesized in our laboratories having about 70% of free carboxylic functionalities on the backbone, with the remaining part substituted by PEO 1000 methoxy-terminated. The molecular weight is approximately 30000 g/mol (66.139 lb/mol).
Preparation of specimens
An aqueous dispersion of CaO and SiO2 was stirred up to 4 weeks to synthesize C-S-H. We followed the procedure by Haas and Nonat12. The Ca/Si ratio was 3:1 to resemble the stoichiometric proportion of un-hydrated C3S and the water/solid ratio was 50:1 to dilute the heat produced by CaO hydration. The percentages of addition for both the GO and the GNP were 0.05%, 0.10% and 0.20% by weight of solid part, while the dispersant was added at 0.008% by weight of water. The samples are listed in Table 4.
The GO and the GNPs were added to the water together with the dispersant and the mixture was sonicated for 30 minutes to improve the dispersion. Then, the CaO and the SiO2 were added to the aqueous bath and kept under mechanical stirring in a closed reactor for 4 weeks. The samples were also kept under thermostatic control at 23°C (73.4°F).
After taking samples from the mixtures, we centrifuged them, in order to remove most of the water, then we added methanol and acetone to stop the reaction and eliminate the remaining water and finally we let them dry under mild vacuum at room temperature. 
Analytical investigation 
Infrared and Raman analyses
IR spectra were recorded in transmission mode using a Nexus Nicolet FT-IR spectrometer (Nicolet Instrument. Inc., Madison, WI 53711, USA) coupled with an infrared microscope Continuμm Thermo Electron Corporation (GMI, Inc, Ramsey, Minnesota, USA). Spectra were acquired in a diamond anvil cell (DAC) (resolution, 4 cm−1 (10.2 in−1); scans 128). Raman analyses were performed with a Horiba Jobin Yvon Labram HR800 (HORIBA Jobin Yvon IBH Ltd., Glasgow, UK) dispersive Raman spectrometer equipped with Olympus BX41 microscope and a 50X objective (resolution, 2 cm−1 (5.1 in−1); acquisition time, 30 s; 4 accumulations). We used the 785 nm (3.0906e-5 in) excitation laser line with a power of 0.4 mW in order to prevent possible photo-induced thermal degradation of the samples. 
TGA analysis
The instrument is a Seiko Exstar 6000 TG/DTA 6300 thermal analyser (Seiko Instruments Inc., Chiba, Japan). We performed the analysis in air from room temperature to 800°C (1472°F) with a constant heating rate of 10°C/min (18°F/min).
SEM analysis
We performed SEM analysis through two scanning electron microscopes: i. Zeiss Evo 50 EP instrumentation (Carl Zeiss AG, Oberkochen, Germany) equipped with a lanthanum hexaboride (LaB6) thermionic source, at 20 kV; ii. Zeiss Evo MA15 instrumentation (Carl Zeiss AG, Oberkochen, Germany), equipped with an Oxford X-Max EDX.
EXPERIMENTAL RESULTS AND DISCUSSION
Raman spectroscopy
Figs. 4 and 5 report the Raman spectra of GNP and GO respectively, when dispersed on C-S-H matrix obtained by the CaO/SiO2/H2O reaction.
The following peaks have been identified15, 16:
- D peak (≈1320 cm-1 (3350 in-1)), associated to breathing ring vibrations of sp2 carbon atoms that can be observed in Raman scattering in the presence of either chemical/structural disorder or confinement (e.g., by the edges) of the graphitic layers; 
- G peak (≈1580 cm-1 (4013 in-1)), associated to the collective C=C stretching vibration of the graphitic layers;
- 2D peak (≈2640 cm-1 (6706 in-1)), due to second order vibrations of the D peak observed only in the presence of extended sp2 carbons domains.

The peaks of G_0.20 in the spectrum in the middle in Fig. 4, were detected pointing the laser on a GNP flake. When we moved the laser randomly, away from any flakes (see upper spectrum in Fig. 4), we did not observe any G and D features associated with GNPs anymore. The broad and low features observed in this spectrum are due to trace of carbonaceous structures observed in the silica fume sample. 
On the contrary, in the Raman spectra of samples containing GO, we always saw the very strong and broad peaks in the G and D regions associated with GO, independently from the analysed area (see Fig. 5). 
FTIR spectroscopy
The spectra obtained by reacting CaO with: i. SiO2 fume, without any carbon additives, after 1 and 4 weeks and ii. with Aerosil after 1 week are characterised by several peaks whose interpretation is given in the Table 517, 18.

The evolution of SiO2 to C-S-H is well evident from the two peaks related to the Si-O stretching (1105 and 905 cm-1 / 2806 and 2299 in-1).
[bookmark: _GoBack]After 1 week (Fig. 6), the peak at 960 cm-1 / 2438 in-1 of the SF control sample is very low compared to the peak at 1105 cm-1 / 2806 in-1. After 4 weeks the peak at 960 cm-1 / 2438 in-1  becomes much higher, while the one at 1105 cm-1 / 2806 in-1, characteristic of the un-hydrated silica, strongly reduces. After 1 week, the pozzolanic reaction in the samples with the pyrogenic silica is already in an advanced state, as shown by the strong intensity of the peak at 960 cm-1 / 2438 in-1 and the disappearance of the peak at 1105 cm-1 / 2806 in-1. 
To follow more precisely the effect of GNPs and GO on C-S-H formation the investigation was later addressed to the reaction with silica fume to take advantage of the slower kinetics.
PCP was always used to improve dispersion of GNPs and GO, while it was not used in the Control_A and Control_B. The very low amount of PCP added to the water, 0.008%, did not affect the kinetics of the reaction as shown by the FTIR spectrum of Control_C.
In Fig. 7 the relative intensity ratio between peaks at 960 cm-1 / 2438 in-1 and 1105 cm-1 / 2806 in-1 shows that GNPs slightly reduces the C-S-H formation with respect to the control case.
In Fig. 8, the effect of GO in the C-S-H formation is reported. After 4 weeks of hydration, in presence of GO, the absorption peak at 1105 cm-1 / 2806 in-1 still remains as the dominant feature in the spectra, while the peak at 960 cm-1 / 2438 in-1 is present as a minor feature.
Thermal analysis (TG)
TG analyses of the C-S-H obtained from CaO/SiO2/H2O are shown in Fig. 9. The observed phenomena occur in definite temperature ranges according to the following list19:
- from room temperature to 150°C (302°F): loss of free water;
- from 150°C (302°F) to 390°C (734°F): loss of water from C-S-H pores;
- from 390°C (734°F) to 500°C (932°F): loss of crystallization water from calcium hydroxide;
- above 500°C (932°F): decarbonation of various calcium carbonate forms20, 21.
	
In Fig. 10, we make a comparison of TG curves of specimen with GNP and GO, both prepared with SF. All the samples were pre-heated at the same temperatures. 
The amount of water entrapped in the pores is different for the different samples, as shown in Fig. 10. The samples with GO lost less water from pores among the specimens and, at the opposite site, the Control sample lost the greatest amount. The samples with GNP lost an intermediate amount.
SEM
At first, in Fig. 11, we show the hydration products obtained from CaO and SF (left) and Aerosil© (right) named Control_A and Control_B (see Table 4) after 4 weeks of hydration: the former appears organized in needle-like structures of the order of 0.5 µm / 2e-5 in-1 of length; in the latter, the microstructure has a lower aspect ratio and it’s more regular, more compact. 
By limiting our observation to the reaction between CaO and Aerosil©, we observe that the GNP nanoplatelets, remained quite separated also after sonication and stirring for 4 weeks. The nanoplatelets are highlighted in the circles in Fig. 12, where they look like coarse flakes not embodied into any hydrated product. 
The C-S-H phase was found very early in the solid mixture obtained from hydration: it appeared after 2 weeks and seems more assembled in the sample with GNP (0.20%), as shown in Fig. 13. The C-S-H has a leaf-like shape with nano-thick sheets, well textured with the solid particles. This morphology, is sharply evidenced in Fig. 14, after 4 weeks.
In the same image, a GNP nanoplatelet is visible in the matrix. 
As regards the samples containing GO, Fig. 15 clearly shows solid spheres of not yet hydrated SF, dispersed among the reacted particles. They maintain the original shape previously illustrated in Fig. 2, thus confirming the results from FTIR, of the lower kinetics of the samples prepared with SF in presence of GO.
Discussion
Dispersion 
The study was initially addressed at the dispersion of the GNPs in water as GNPs have non-polar and hydrophobic properties and prefer to aggregate. Generally, research into G dispersion is combined with graphite exfoliation: while exfoliation and dispersion are distinct scientific phenomena. Studies on these topics have shown that to exfoliate the sheets of graphite into individual G flakes, the material must be submitted to ball milling22, strong sonication23, and high-shear mixing24. Several solvents have been identified as being particularly good at dispersing graphene as NMP, DMSO and DMF25. 
Graphene aggregation can be tackled through modifications of graphene typically divided into non-covalent interactions, involving the adsorption of molecules onto the graphene surface, or covalent ones, involving chemical reactions with the graphene carbon atoms. Surfactants are perhaps the most promising class of modifiers as there are a wide variety available commercially. In this study, we added a polycarboxylate dispersing polymer to water to boost the effect of stirring and so reducing GNPs agglomeration. The added amount was at low concentration in order to avoid affecting the hydration reaction, as the prepared control samples confirmed. Moreover, it is important to underline that the GNPs used in the study were supplied as embedded in aqueous paste, at 5% concentration. As regards GO, it is widely believed that there are a range of epoxide, ether, aldehyde, ketone, alcohol, and carboxylic acid groups present on the sheets, the last on the corners mainly, which facilitate interaction with water molecules and the other components of the dispersion as well25-27.
Previously shown Raman spectra allow to get some understanding on the dispersion degree of the two carbon fillers. In the case of the GNP dispersions, the characteristic peak doesn’t appear when the laser was pointed on the matrix, far from the flakes. The opposite occurred in the samples with GO: wherever the laser was pointed at, the peaks of GO were observed in the spectrum. In our opinion, this means that in these samples a very good dispersion of the GO (required condition to establish interactions with the rest of the material), whereas the GNPs did not. SEM analysis confirm the remark: the GNPs are visibly standing out from the matrix. Probably some physical interaction is present between the two materials, but in overall, the GNPs tend to stay together and even re-aggregate. On the contrary in the samples containing GO, the carbon material does not appear with some clear feature in the photographs. 
Kinetics of C-S-H formation 
We used two different types of silica with very different surface areas, Aerosil© and SF. FTIR analysis was powerful to investigate into the transformation of SiO2 into C-S-H. The Control_A sample, prepared with SF, took about four weeks to complete hydration, whereas the Control_B, prepared with Aerosil©, hydrated in about one week. Of course the kinetics of the reactions with Aerosil© were expected to be faster than those with SF due to the higher surface area of Aerosil© (ten times more than that of SF, as indicated in Table 1). In the latter case, many active sites on silica surface are available for the pozzolanic reaction and the synthesis of C-S-H, made the rate faster. 
All the products prepared with Aerosil©, added with GNPs or GO, appeared already hydrated after one week, so it was not possible to notice any difference in the hydration rate. On the contrary, the samples with SF showed considerable differences in the kinetics at four weeks of hydration. While the GNPs samples were only partially hydrated, the samples with GO produced a negligible amount of C-S-H. The results were observed mainly by FTIR and they were confirmed by TGA and SEM. Therefore, it is clear that GO interacts with calcium and silica, namely they tend to slow down the formation of C-S-H. This phenomenon can be clearly seen, provided that the reaction kinetic is slow enough as it occurs in presence of SF. The exam of the chemical functions of the materials and the structural aspect of the products suggest some bonding between the GO particles and the reactants. In the simplified system that we investigated, this resulted in the hindering of the C-S-H formation. 
Horszczaruk28 put in evidence changes in the D and G Raman absorption bands during the reaction of GO in cement, thus confirming the involvement of GO. The exact nature of this interaction is still under investigation9, 26, 29. Probably the type of oxygen-containing groups laced to GO have influence on the mechanism as well as the silica dimension, which affects hydration and reactivity and plays a role in the formation of the bonds. The GNPs do not seem to bind with the other substances. Anyway, it cannot be excluded that the preparation of cement-based mixtures with GNPs under high-shear mixing can improve their mechanical properties in hardened state30.
Thermal analysis
The weight losses associated with the temperature increase, confirm that GO slows down the C-S-H formation rate. Up to 400°C (752°F), the mass loss can be associated with the water in the C-S-H pores19. The range we are particularly interested in and which we focused on, is the one from 150°C (302°F) to 390°C (734°F). Under this temperature range, the weight loss is associated to the free water. The results are collected in Fig. 16. The data show that water loss from C-S-H pores is much lower in the case of the samples containing GO, e.g. in the case of GO_0.20 less than half with respect to G_0.20.
General discussion
The investigation presented in this work is addressed at the understanding interactions between graphene-related materials, and especially GO, and the calcium silicate hydrates responsible for most of the engineering properties of cement paste18, 31. Papers appeared in the last years, reported that GO reduces fluidity7, creates a more compact microstructure6 and consequently reduces porosity, whilst the effect on hydration is not very clear as contradicting results were obtained6, 32, 33. This indicates that further research is required to shed light on the complex interactions occurring during the hydration of cement. Among them, there are, e.g., the interactions that occur during nucleation34, particle growth and aggregation35, formation of supramolecular arrangements, etc... Unfortunately, the hydration of Portland cement depends on lots of different factors, such as cement mineralogical composition, particle size distribution, water/cement ratio, mixing parameters and curing conditions, so it is difficult to discriminate between fundamental and casual results.
To simplify the experimental system, we decided to address the investigation through a system composed only of CaO and SiO2 in a 3:1 ratio (the same of C3S), suspended in a huge amount of water (w/s=50:1), thus making the hydration independent from the water/solid ratio and, at the same time, decreasing the thermal effects of CaO hydration. 
To face the difficulties in dispersing the hydrophobic carbon additives into water, a very reduced amount of a polycarboxylate dispersant, whose effects on C-S-H hydration was proved not significant with blank tests, was added to the aqueous system, together with sonication and a very long stirring time (4 weeks) at 80 rpm, at nearly constant temperature. According to Raman spectroscopy and SEM analyses, the GO dispersion was satisfactory. 
With the aim of identifying and analysing the C-S-H evolution steps, SF was considered more suitable for the prosecution of the study rather than the other silica previously selected, Aerosil©200, characterized by a specific surface area one order of magnitude higher than SF, and reacting too fast. In the FTIR analysis, two strong and broad (1105 cm-1 / 2806 in-1 and 960 cm-1 / 2438 in-1), but well resolved, signals were attributed to the absorption of SiO2 and its hydrated products, respectively, and monitored at different times. It resulted that in our simplified system, GO effectively hindered the SF hydration to C-S-H. On the contrary, no considerable hindering was observed with GNPs. SEM microphotographs confirmed the more homogeneous dispersion of GO with respect to the larger and aggregated GNP particles. 
Moreover, they suggested that a different morphology of the C-S-H had developed, resembling more sheet-like when C-S-H is obtained from Aerosil© and rod-like when SF is used. 
Conclusions
The aim of this experimental work was to investigate the microscopic interactions of graphene related materials, and specifically GO, leading to the improvements of mechanical performance of cement-based mixtures. GNPs and GO have been added to a CaO/SiO2 (3:1) water suspension (50:1, water/solid ratio) at 0.05%, 0.10% and 0.20% dosage by weight of solid. The formation of C-S-H was analysed by FTIR, TGA and SEM analyses. Long stirring times (until 4 weeks) after sonication dispersed well the GO additive, while the hydrophobic nature of GNP platelets hindered their dispersion in water. The very simple ceramic-like system enabled to the in-depth study the hydration kinetics. The use of a silica with low surface area as silica fume (SF) enabled a better monitoring of the evolution of the system. The experiments showed that GO hinders the C-S-H formation while GNPs do not influence the reaction to the same extent. As regards the morphology of the gel produced, it appears affected by GO and structured differently. 
The paper is a contribution to the comprehension of the effects of graphene-related materials on C-S-H growth and complement the literature appeared in recent years on the subject and the relevant theories on the interaction between GRM and cement. 
The preliminary investigation described in this paper is continuing towards the optimization of the reaction system, with the aim of elaborating a more precise model able to describe the C-S-H kinetics and the interaction between GRM and C-S-H.
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Table 1–Raw materials. Characteristics of silica.
	
	Silica fume
	Aerosil© 200
(pyrogenic silica)

	specific surface area
	15-30 m2/g (4577- 9155 ft2/oz)
	200 m2/g (61030 ft2/oz)

	average particle diameter
	150 nm (5.9e-6 in)
	12 nm (4.7e-7 in)




Table 2–G2Nan features (after Nanesa technical documentation)
	Parameter
	G2nan

	Concentration
	5% graphite GNPs in water

	Colour
	Black

	Appearance
	Powder

	Carbon content
	> 98%

	Average flake thickness
	~ 10 nm / 3.9e-7 in (30 layers)

	Average Particle (lateral) size
	5 – 50 μm (2.0e-4 – 2.0e-3 in)

	Bulk density
	0.042 – 0.020 g/cm3 (56.08 – 26.71 oz/gal)

	Residual acid content
	< 1%

	Specific surface area
	> 30 m2/g (9155 ft2/oz)



Table 3–GO features (after Graphenea S.A.)
	Parameter
	Graphene Oxide

	Concentration
	4 mg/ml (0.53 oz/gal)

	Colour
	Black

	Appearance
	Liquid

	Odour
	Odourless

	Dispersibility
	Polar solvents

	Solvent
	Water

	pH
	2.2-2.5

	Monolayer content (0.05 wt%)
	>95%

	Carbon content
	49-56% on dry base

	Oxygen content
	41-50%

	Hydrogen content
	0-1%

	Nitrogen content
	0-1%

	Sulphur content
	0-2%



Table 4–Synoptic Table of prepared specimens
	Sample name
	CaO g (oz)
	SiO2 g (oz)
	GNP g (oz)
	GO g (oz)

	Control_A
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0
	0

	Control_B
	2.0 (0.07)
	0.714 (0.0252) Aerosil© 200
	0
	0

	Control_C*
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0
	0

	G_0.05_A
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0.027 (0.00095)
	0

	G_0.05_B
	2.0 (0.07)
	0.714 (0.0252)   Aerosil© 200
	0.027 (0.00095)
	0

	G_0.10
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0.054 (0.00190)
	0

	G_0.20
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0.108 (0.00381)
	0

	GO_0.05_A
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0
	0.371 (0.0131)

	GO_0.05_B
	4.0 (0.14)
	0.714 (0.0252) Aerosil© 200
	0
	0.371 (0.0131)

	GO_0.10_A
	2.0 (0.07)
	0.714 (0.0252) Aerosil© 200
	0
	0.743 (0.0262)

	GO_0.10_B
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0
	0.743 (0.0262)

	GO_0.20_A
	2.0 (0.07)
	0.714 (0.0252) Silica fume
	0
	1.485 (0.0524)

	GO_0.20_B
	2.0 (0.07)
	0.714 (0.0252) Aerosil© 200
	0
	1.485 (0.0524)


*With PCP

Table 5–Peaks attribution 
	Position
	Attribution

	3640 cm-1 / 9246 in-1 (sharp) 
	isolated O-H stretching in Portlandite (Ca(OH)2)

	3650-2500 cm-1 / 9271-6350 in-1 (weak and very broad) 
	O-H stretchings of hydrogen bonded H2O in C-S-H;

	1640 cm-1 / 4166 in-1 (weak) 
	O-H bending of H2O in C-S-H;

	1470 cm-1 / 3734 in-1 (strong and broad) 
	CO stretching of CaCO3 

	1420 cm-1 / 3607 in-1  (strong and broad) 
	CO stretching of CaCO3 

	1105 cm-1 / 2806 in-1 (medium for unreacted sample) 
	Si-O stretching of the un-polymerized silica

	960 cm-1 / 2438 in-1 (strong and broad for reacted samples) 
	Si-O stretching of polymerized silica in C-S-H.

	870 cm-1 /2210 in-1 (narrow and weak) 
	CO3  bending of CaCO3



	[image: AEROSIL 200 25000X-03]
Fig.1–SEM image of Aerosil© 200 at 25000x
	[image: SILICA FUME 25000X-01]
Fig. 2–SEM image of silica fume at 25000x
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	Fig. 3a), b)–SEM images of GNPs (left) and GO (right) at 500x;
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	Fig. 3c), d)–SEM images of GNPs (left) and GO (right) at 3000x;



	[image: G2nan 7500x]
	[image: GO 7500x]

	Fig. 3e), f) –SEM images of GNPs (left) and GO (right) at 7500x.

	



	

Fig. 4–Raman spectra: G_0.20 dispersion inorganic matrix (up), GNP flake in G_0.20 (middle), bare GNP (down).
	

Fig. 5–Raman spectra of GO_0.20 dispersion recorded in two different positions of the laser beam, GO_0.20 A (middle) and GO_0.20 B (upper) compared with the spectrum of bare GO (lower).



 
Fig. 6–FTIR spectra of samples after different times of reaction: samples with silica fume (SF) Control_A SF after one (upper) and four (middle) weeks, compared with samples containing Aerosil© Control_B Aerosil after one week (lower).

	

Fig. 7–FT-IR spectra of samples prepared with SF and GNPs equal to (from top to bottom): 0%, 0.10% and 0.20%. All samples hydrated for 4 weeks.
	

Fig. 8–FT-IR spectra of samples prepared with SF and GO equal to (from top to bottom): 0%, 0.05%, 0.10% and 0.20%. All samples hydrated for 4 weeks.



Fig. 9–Temperature ranges considered in our TG analysis. Taken from the Control_A sample with SF.[image: W:\Heidelbergcement\12th ICSP-2018\Immagini nuove\TG 150°C con doppie misure.png]
Fig. 10–TG analyses. All the samples were prepared with SF and analysed after 4 weeks of hydration.
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Fig. 11–SEM images after 4 weeks, 25 KX, of SF + Ca(OH)2 specimen (left) and of Aerosil© + Ca(OH)2 (right).
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Fig. 12–Large SEM image. GNP are evidenced into the circles.
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	Fig. 13–On the right, C-S-H at 2 weeks of hydration with GNP addition (0.20%). On the left, the control sample without GNP.
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	Fig. 14–On the right, C-S-H at 4 weeks of hydration with GNP addition (0.20%). On the left, the control sample without GNP.
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Fig. 15–GO addition (0.20%). Product of reaction between CaO and SF after 4 weeks of hydration.



 
Fig. 16–C-S-H pore water as obtained by thermogravimetric analysis (from 150°C/302°F to 390°C/734°F).
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