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Abstract

:

Cement is the most-used construction material worldwide. Research for sustainable cement production has focused on including nanomaterials as additives to enhance cement performance (strength and durability) in recent decades. In this concern, graphene is considered one of the most promising additives for cement composites. Here, we propose a novel technique for producing few-layer graphene (FLG) that can fulfil the material demand for the construction industry. We produced specimens with different FLG loadings (from 0.05% to 1% by weight of cement) and curing processes (water and saturated air). The addition of FLG at 0.10% by weight of cement improved the flexural strength by 24% compared to the reference (bare) sample. Similarly, a 0.15% FLG loading by weight of cement led to an improvement in compressive strength of 29% compared to the reference specimen. The FLG flakes produced by our proposed methodology can open the door to their full exploitation in several cement mortar applications, such as cementitious composites with high durability, mechanical performance and high electrical conductivity for electrothermal applications.
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1. Introduction


Any material or building element is considered sustainable if it combines environmental conservation and economic feasibility [1]. Thanks to technological innovation, the construction industry must provide sustainable solutions, but many building materials are not environmentally friendly [2]. In particular, studies of the life-cycle of construction materials [3] (in terms of annual production, effects of raw material use, energy consumption and pollution for its production and recycling) have led to a reconsidering of their production and use, focusing mainly on choices that lead to or favours the reduction of the carbon emission footprint [4].



In this context, concrete undoubtedly needs to become a sustainable material [5]. More than 4 billion tons of cement are produced every year, representing ~8% of global CO2 emissions [6]. The worldwide consumption of concrete reached 33 billion tons per year, which means 4.7 tons per capita worldwide [6]. Improving the cement production cycle and enhancing the lifetime of cement composite mixes have been identified as possible ways to reduce CO2 emissions substantially [7].



The inclusion of binders into Portland cement or nano-additives can enhance the cement composites’ environmental performance (a reduced carbon footprint characterises the use of these materials compared to ordinary Portland cement) [8]. The scope of using alternative binders is to explore possible materials that could replace the Portland cement, e.g., geo-polymers, silica fume and flying ashes (residual products of silicon production and coal combustion) [9,10].



The inclusion of nano-additives in cement composites reduces the degradation of the cementitious conglomerate, avoiding deterioration of the final construction, thus limiting the material consumption used either for its maintenance or replacement [11]. In addition, the use of nano-additives also improves the mechanical performance of the concrete, producing high-strength cementitious composites [12,13,14,15].



Numerous nano-additives, e.g., nanoparticles of silicon dioxide (nano-SiO2) [16], aluminium oxide (nano-Al2O3) [17] and titanium dioxide (nano-TiO2) [18], have been tested to improve the mechanical performance of cement. The addition of these nanomaterials improved the mechanical properties and durability (i.e., the ability of the cement composites to resist weathering action, chemical attack and mechanical loading during their service life [19]). For example, nano-SiO2 (5% wt.) used as an additive improves the compressive strength up to 27% compared to the control sample [16]. Similarly, the addition of nano-SiO2 and nano-Al2O3 into cementitious composites reaches a 19% improvement in compressive strength compared to the reference sample [17]. Furthermore, the nano-SiO2- and nano-Al2O3-based cement composites show a reduced capillary permeability coefficient (<30% compared to the control sample), increasing the durability of the composite. Likewise, the addition of nano-TiO2 in cement pastes increases the compressive strength by 24% compared to the control samples and prevents the degradation of the composites [18]. The use of nanoparticles reduces the porosity of the cementitious composites (up to 22%), improving material durability, limiting the degradation of concrete due to carbonation, sulphate attack and alkali-silica reactions [20].



The use of carbon nano-additives, such as carbon nanotubes (CNTs) [21] and graphene-related materials (GRM) [22], in cement composites, has recently gained increasing interest in this field [23]. The addition of CNTs into the cement composites enhanced both its mechanical and durability properties compared to the reference counterpart [24]. In this regard, a CNTs loading of 0.1% by weight of cement (bwoc) can lead to an improvement in compressive strength of 21% compared to the bare sample, reducing the permeability of the material to degrading agents (e.g., chlorides and carbon dioxide) [21]. A CNTs loading of 0.1% bwoc can also cause a reduction of the absorption coefficient (12% improvement over the control specimen), carbonation coefficient (reduction of 16% compared to reference sample) and chloride diffusion coefficient (reduction of 12% concerning the control sample) of cement composites [21]. The synergistic effects of CNTs on the mechanical and durability properties are mainly due to the induced pore-filling effect that reduces the porosity of the cement composites [25].



Similarly, the use of graphene oxide (GO) modifies the cement hydration mechanism, [26] improving the mechanical strength and durability of the composite [27]. The addition of 0.02 wt.% (0.03%) of GO into cementitious mortars determined a >25% increase of compressive strength (~22% flexural strength) compared to the control sample [28]. The improvement in the mechanical properties of the cement composite is mainly ascribed to the bridging effect of GO flakes that promotes a better interaction between the cement-hydration components (e.g., calcium silicate hydrate and calcium aluminate hydrate) and the sand [29]. In this context, the use of electrochemically exfoliated graphene (EEG) (EEG has a non-negligible C/O ratio, it also has a morphology and defects similar to reduced GO [30,31]) has also been demonstrated to be beneficial in improving the mechanical performance of the cement composites [32]. The addition of EEG flakes at 0.05% wt. of the cement increased 8%, 79% and 9% in compressive, tensile and flexural strength, respectively, compared to the control sample [32].



Besides GO, the most widespread GRMs used for cement composites are the so-called graphene nanoplatelets [33] (GNPs) (i.e., the carbon-based product used for industry application, composed of few-(FLG) and multi-(MLG) layer graphene mixed with graphite [34,35]). GNPs in cement composites can improve the compressive strength, e.g., adding a GNPs loading of 0.01% by weight in cement can achieve a 19% improvement over the control sample [36]. The mechanical improvement is also due to the filling effect of GNPs in the cement matrix [37]. The addition of GNPs also increases the durability of concrete due to the barrier-effect, blocking chloride attacks [38], and improves the electric and thermal conduction [39,40], e.g., adding 1% of GNPs by the weight of cement used, a significant reduction in electrical resistance is achieved, i.e., passing from 311 kΩ (control sample) to 19 kΩ [39].



The inclusion of GRMs in cement-based materials, improving their physical properties (e.g., thermal and electrical conductivity), can also be used to produce so-called smart concretes, which are cementitious composites that can react to external stimuli (e.g., mechanical stresses and the passage of electrical current) [41,42]. For example, the addition of GNPs enhances the piezoelectric properties of the cementitious composite, valid for the detection of changes in the mechanical strains (i.e., the addition of conductive nano-additives decreases the electrical resistance and amplifies its relation with the applied load, signalling the breakage of the material) [39,43]. The characteristics of smart concrete allow their use in new applications, e.g., (i) structural health control of the construction performed by the structure material itself [44]; (ii) warming of road pavement to prevent icing of the road surface [45]; (iii) shadowing of electromagnetic fields [46].



Despite the potential applications, the uses of FLGs in the construction sector are still seldom [47], mainly due to current large-scale production limitations [48].



In recent years, innovation funding programmes have promoted collaboration between the academic research sector and the cement manufacturer to facilitate the transition of FLG (and GRM to a large extend) from the lab scale to the industrial one [49]. At this stage, one of the main challenges is to transfer the FLG (GRMs) production from the laboratory to the market in a cost-effective manner. [50,51].



Among the different alternatives to synthesise FLG and GRM, liquid-phase exfoliation (LPE) is one of the most promising since it could fulfil the industrial demand of FLG and GRM [52]. The LPE consists mainly of a three-step process [53,54,55,56,57]:




	
dispersion of the layered crystals in a solvent;



	
exfoliation;



	
separation or purification.








Recently, high-pressure homogenisers have been promising techniques to scale up the LPE production of FLG [58]. Specifically, it has been demonstrated the production of 1 g of FLG in less than 1 minute employing the wet-jet mill (WJM) [59], which is three orders of magnitude faster than the typical exfoliation using the sonic bath [60]. The high-pressure homogenisers, particularly the WJM, use high shear forces and cavitation to exfoliate the layered materials. In general, pure organic solvents are used for the exfoliation of graphite, e.g., N-methyl-2-pyrrolidone (NMP) [53] and dimethylformamide (DMF) [61]; since their surface tensions (ca. 40 mN/m2) enable the dispersion of graphene or FLG flakes. Unfortunately, the solvents used for exfoliation usually harm the environment or health, also having high boiling points (>100 °C) or high vapour pressures (>100 kPa) [52]. The properties require large amounts of energy to remove them (by evaporation or sublimation), thus increasing the production costs [62]. A possible alternative to the use of organic solvents for the LPE process is the exfoliation in water with the aid of surfactants [55,63]. Using surfactants or stabilisers already used in the construction market is attractive for the construction sector. Other stabilisers commonly used to exfoliate graphite in water, e.g., sodium cholate or [64] sodium dodecyl sulphate [64,65,66], could be detrimental for the cement composite, deteriorating its durability. In this regard, ions present in dispersants not formulated for application in cementitious compounds can activate material degradation mechanisms such as alkali-silica reaction or sulphate attack [67,68].



Here we present a sustainable FLG production method suitable for the cement sector. The proposed FLG production process avoids using toxic solvents, is scalable, and most importantly, uses a stabiliser compatible with cement composite. The proposed LPE protocol is based on the exfoliation of graphite in water with a stabiliser additive used in the construction sector, i.e., a non-toxic modified-acrylic-based superplasticiser. This additive is commonly used in the cement industry to improve the workability of cementitious composites and to facilitate the dispersion of filler within the cementitious matrix [69]. Exfoliation of graphite directly into the mixing water used for cement production (i.e., eliminating the freeze-drying phase) simultaneously cuts the production costs of FLG production and makes the process environmentally friendly, i.e., avoiding the use of toxic solvents [57]. In addition, the WJM method allows scalability and high-quality materials production [57,69,70].



A dispersion of FLG in water was used to produce cement mortar to evaluate the effects of FLG on the mechanical strength of cementitious composites. Two FLG-based water dispersions with different FLG contents were tested to investigate their concentration in the mixing water; consequently, the cement matrix can influence the final composite properties. Compared to the control sample, the FLG-based cement mortar samples have improved the compressive and flexural strength of 29% and 24%, respectively. Besides, to investigate the most suitable curing method, the samples were aged into two different environments: water and saturated air.




2. Materials and Methods


The graphite flakes (+100 mesh, ≥75% min) were purchased from Sigma-Aldrich and used without further purification (see Figure S1a for the particle size gradation curve in supplementary materials). The water was Milli-Q®, Reference Water Purification System.



The superplasticiser was a powder-based additive on the acrylic modified polymer used for concretes with a low water/cement ratio (≤0.5).



The cement used was 32.5 R CEM II/A-LL, according to the European standard EN:197-1, a type II limestone Portland cement (80% to 94% clinker with the remainder consisting of limestone, see Table S1 for the chemical composition in supplementary materials).



Natural silica sand washed and sieved (mesh size between 0.250 mm and 4.00 mm, see Figure S1b for the particle size gradation curve) from sand quarries was used for the mortar sample production, described in Section 2.2.



2.1. Few-Layers Graphene Production


FLG was produced using a WJM technique described in previous work [59,70,71,72]. The concentration of the superplasticiser was 0.5% by the weight of the water. The production process is the scheme in Figure 1: the FLG solution flows through a pneumatic piston into a processor where a 180–250 MPa pressure is applied; then cavitation and shear forces promote the exfoliation of the graphite. The exfoliation is carried out using different nozzle diameters in the processor, i.e., 0.1, 0.15, 0.2 and 0.3 mm used consecutively. After passing through the processor, the exfoliated samples are cooled down using a chiller.



Two different exfoliation processes have been tested (keeping constant the concentration of 20 g of graphite per litre of solvent and a superplasticiser loading of 0.5% by weight of water used), varying the processor nozzle diameter and the number of passes:




	
Type I sample is exfoliated through the processors with 0.3, 0.2, 0.15 (two times) and 0.1 mm diameter nozzles consecutively;



	
Type II sample is exfoliated using the 0.3, 0.2, 0.15 (two times), and 0.1 mm (three times) diameter nozzles consecutively.









2.2. Production of the FLG-Based Specimens


Few-layers graphene dispersions were used in the cement composite to evaluate the effect induced in the mechanical properties of the mortar.



Mortars with different FLG loading were produced using the two different morphologies of FLG. The FLG loadings of 0.05, 0.1, 0.15, 0.5 and 1% by the weight of cement were used for the samples named G005, G01, G015, G05 and G1, respectively. In addition to the FLG inclusion, the weight composition of the individual castings consisted of 2700 g of sand, 900 g of cement and 450 g of mixing water. This composition was used to produce reference samples for evaluating mechanical properties; specifically, two types of control samples were made: the first one without any additives (Control); the second was with superplasticiser (SP) with a quantity equal to 0.25% by the weight of cement used, that is, the average amount specified by the manufacturer.



As indicated in the UNI EN standard for the components’ weight dosage, the water-cement ratio was 1:2, whereas the sand-cement ratio was 1:3. For the FLG-based samples, the amount of superplasticiser used was the sum of two quantities:




	
one part corresponded to the minimum quantity recommended by the manufacturer (0.20% by the weight of cement used);



	
the second amount was relative to the quantity of FLG added (30%).








The composition of a single cast of cement mortar for each sample type is given in Table 1.



The water-FLG dispersion was mixed with cement and sand according to the modified UNI EN 196-1 standard, i.e., the addition of superplasticiser and a longer final mixing time was introduced. The following steps describe the process:




	
Water and cement were placed in the mixing bowl, and the addition was completed in 10 s;



	
The stirring started, and it was set at 140 ± 5 rpm;



	
After 30 s, the sand was added with a steady flow for 30 s;



	
The composite was mixed for an additional 30 s at 285 ± 10 rpm;



	
After the 30 s, the mechanical mixing was stopped for 90 s and the mortar adhered to the container was hand-mixed;



	
The superplasticiser was added, and the mixing continued at 285 ± 10 rpm for 120 s.








The samples were poured into steel formworks, vibrated for 30 s to eliminate air bubbles, and removed from the moulds after 48 h from the casting. Two different curing methods were tested to evaluate the mechanical performance. The samples (40 × 40 × 160 mm3) were divided into two groups: the first one was cured in water (labelled as A). The second one was stored in a glass box with a constant humidity level of 95% ± 5% (labelled as B). All the samples were stored at the standard temperature of 20 °C ± 2 °C. Four specimens were tested using a single cement mortar typecast for the mechanical test at each specific ageing date.




2.3. Material Characterisation, FLG Dispersion and Mechanical Measurement


Raman Spectroscopy. The dispersions were deposited by drop-casting on a Si wafer (IDB Technologies Ltd., Whitley, UK) covered with 300 nm SiO2. Raman measurements were carried out using a Renishaw InVia micro-Raman spectrometer with a 50× objective with a numerical aperture of 0.75, an excitation wavelength of 514 nm line of an Ar+ laser, and an incident power less than one mW and a resolution of 1 cm−1. A total of 20 points per sample were measured to perform the statistical analysis. Raman mappings were performed on an area of 0.4 × 0.4 µm2, using a 50 × objective (numerical aperture 0.75), a laser with a wavelength of 514.5 nm with an incident power of ~5 mW. The diameter of the laser spot was 1 µm. Mapping was performed by quantifying the presence or absence of the G-band using Renishaw’s WiRE 4.4 software.



Transmission Electron Microscope. TEM images are taken using a JEOL JEM-1011 transmission electron microscope, operated at an acceleration voltage of 100 kV. Experimentally, 10 µL of FLG-based water dispersion was diluted in 10 mL of water and deposited on an ultrathin formvar polymer film on Cu 400 mesh grids (Ted Pella Inc. Redding, CA, USA). The grids were stored under a vacuum at room temperature.



Scanning Electron Microscopy (SEM). The samples were analysed by a (low vacuum) scanning electron microscope using a JSM-6490LA SEM (JEOL) operating at 10 kV acceleration voltage. Portions of approximately 0.25 cm2 were extracted from the fracture plane and coated with gold (thickness: 10 nm).



Mechanical Measurements. The flexural (Three-Point Bending test, TBP) and compressive strength tests were carried out, according to UNI EN 196-1, using Metrocom material testing machines, with a resolution of 0.01 kN and a load cell of 600 kN. The loading rate applied for the bending tests was (50 ± 10)N/s until sample fracture. For the compression tests, the loading rate applied was (2400 ±200) N/s until sample fracture.



The data acquisition software was Metrocom-Dina960xp. For the evaluation of the flexural strength of the specimens, four TBP tests were performed. Subsequently, the tests for the evaluation of the compressive strength were performed on the portions of prisms broken in flexure as indicated in UNI EN 196-1 and ASTM C 349. Since four samples were subjected to the three-point bending test, eight samples were obtained for the compressive strength test.





3. Results and Discussion


3.1. Characterisation of Few-Layers-Graphene


Transmission electron microscopy was performed to verify the morphology of the samples. The images demonstrate that the FLG flakes have irregular shapes (see Figure 2a,b). Statistical analysis (insets in Figure 2a,b) shows that the flakes’ lateral size followed a lognormal distribution, typical for fragmented systems [73]. In Type I graphene, the distribution is characterised by a narrow distribution (lognormal standard deviation of 0.793) with the lateral size mode at 1 µm. On the contrary, the Type II graphene presents a broad distribution of the lateral size (lognormal standard deviation of 1.208), i.e., it is a heterogeneous sample with flakes of different sizes.



Similarly, the FLG samples were analysed using Raman spectroscopy. The results are summarised in Figure 2. Raman spectroscopy allows estimating the thickness (number of layers), structural defects, and material doping [74]. The Raman spectrum of FLG is composed mainly of the G and the 2D bands. When the graphene flakes present defects, such as substitutional atoms or the edges of the flakes, the D band is also observable [74,75]. The G peak, located at 1585 cm−1, corresponds to the E2g phonon at the Brillouin zone centre [74,75]. The D peak is due to the breathing modes of the broken symmetry of the hexagonal honeycomb carbon ring [76,77,78]. The 2D peak is the second order of the D peak [74,79]. In this case, for single-layer graphene (SLG), the 2D peak is a single peak centred at ≈2680 cm−1 [74,75], while, for FLG, the 2D band is generally an overlap of the 2D1 and 2D2 components [74,75]. In graphite, the intensity of the 2D2 band is about twice as high as the 2D1 band [74,75,80], while for graphene, the 2D band is a single, sharp Lorentzian peak, which is about four times as intense as the G peak [74]. In this context, and taking into account the intensity ratios of 2D1 and 2D2 - I(2D1)/I(2D2), it is possible to estimate the thickness of the exfoliated flake [81]. Figure 2c shows the Raman spectrum of graphite (black) and the two spectra of FLG samples (green and blue). The changes in the D and 2D bands are observable. For the case of highly exfoliated samples, the D band increases following the number of piston passes [59]. The Type I graphene sample shows a less intense D-band than the Type II graphene sample processed with several passes: the D mode for Type I graphene is 0.08 with a lognormal standard deviation of 0.74 instead of the mode of 0.11 with a lognormal standard deviation of 1.05 for Type II graphene.



Similarly, the full-width statistical analysis at half the maximum of the G band, FWHM (G), shows a broader distribution in Type II graphene, ranging from 15.2 to 24.6 cm−1, compared to Type I graphene, which ranges from 13.3 to 17.7 cm−1. The widening of the G band is correlated with contaminants and defects that alter the energy levels of the material. This characteristic means that Type II graphene is the most defective, i.e., it has more edge-carbon atoms than in-plane atoms. Furthermore, the ratio between I(D)/I(G) and FWHM (G) (Figure 2d,e,f) gives additional information on the form of defects present on the exfoliated samples, i.e., there is no linear correlation between the I(D)/I(G) and FWHM (G), suggesting that the defects are mainly present on the edges and not on the basal plane of the graphene structure [74,75].



Finally, the ratio I(2D1)/I(2D2) was analysed to estimate the thickness of the samples produced (Figure 2g). The grey line represents the multi-layer conditions (~5 layers) I(2D1)/I(G) = I(2D2)/I(G) [82]: above this limit, there are flakes with a thickness of fewer than five layers (i.e., FLG and SLG) and below there are flakes which tend to have more than five layers [83]. Statistical analysis of the two samples produced indicates that Type II graphene has 80% flakes with a thickness lower than five layers, demonstrating the predominance of FLG. On the contrary, Type I graphene has 64% flakes with a thickness lower than five layers.



These results demonstrate the efficiency of the WJM technique for the production of FLG dispersed in a superplasticiser-water mixture. In particular, varying the number of steps in the process makes adjusting the percentage of FLG and lateral dimensions possible. Besides, the entire WJM process allows scalable FLG production in the form of concentrated dispersions.




3.2. Few-Layers Graphene-Based Mortar Dispersion Method


The homogeneous distribution of FLG within the cement matrix is fundamental for improving the mechanical properties of cement composites [84]. However, a heterogeneous dispersion of FLG within the mortar can cause the formation of agglomerates that can adversely affect the flexural and compressive strength of the material. To address this issue, the method of mixing and incorporating FLG into the cement mortar are of paramount importance [85].



Fragments of cementitious mortar with an FLG loading of 1% by weight of cement were analysed by SEM microscopy to verify the FLG distribution. Figure 3 shows the SEM images of the control sample and Type I and Type II graphene mortars. A comparison of the images shows that FLG does not alter the structure of the cement composite. Finally, the FLG (marked in red) appears to be distributed in the structure, showing the stability of the suspension even during the preparation phases.




3.3. Flexural and Compressive Strength


The specimens produced were subjected to the UNI EN 196-1 standard tests to evaluate the FLG effects on the mechanical properties of cementitious mortar. The samples were subjected to the three-point bending test to assess the mortar flexural strength; then, each of the two halves (the sample was divided by the flexural test) was subjected to a compression test. The results of the mechanical test of the samples are shown in Table 2.



Figure 4a shows the results of the three-point bending (TPB) tests of cement mortar samples produced with Type I graphene. After three days of curing, samples A-G005 show an increase in flexural strength of 15.7% compared to the control samples; similarly, samples A-G015 after 7 days show an increase in flexural strength of 14.6% compared to the results of the control mortar. For the same curing days, the A-SP specimens show a significant increase in flexural strength of 12.5% and 9.6% compared to the control specimen; this improvement in the performance results from using the superplasticiser, in accordance with ref. [86]. After 28 days, the A-G01 samples achieve a 22.2% improvement in flexural strength compared to the A-Control samples; considering that the addition of superplasticiser has led to an increase in A-SP samples of only 5.7% compared to A-Control, after 28 days, the addition of FLG develops the improvement in flexural strength due to better integration of the flakes in the cementitious matrix [33].



Figure 4b shows the results of the TPB tests for specimens packed with Type II graphene. After three days of curing, the A-G015 specimens show an improvement over A-Control of 24.6%, which is higher than that of A-SP (12.5%): for Type II graphene, the influence of the FLG addition is evident already in the early stages of curing. Moreover, sample A-G015 shows the most significant increase in flexural strength after 7 and 28 days, respectively 20.8% and 17.7% more than the control specimen. Type II graphene samples have also improved the flexural strength due to FLG bridging, limiting micro-cracking formation [87].



Figure 4c shows the compression test results for samples prepared with Type I graphene. Samples A-G005 show an increase in compressive strength of 18.3% compared to the control sample. The FLG addition effects are evident after 3 days of casting, and the difference with just the superplasticiser (8.8% improvement) is remarkable. At 7 days of curing, the maximum improvement in compressive strength is obtained with the A-G015 samples, which is 21.3% greater than the compressive strength of A-Control. After 28 days of ageing, the A-G01 samples show a percentage increase of 24.5% compared to the compressive strength of standard mortar. The values at 3, 7 and 28 days of curing suggest that the FLG percentage should be between 0.05 and 0.15%. This outcome is due to the filling effect being amplified for extended curing times [87].



Finally, Figure 4d shows the results of the compression tests for samples produced with Type II graphene. After 3 days of curing, specimens A-G01 show the maximum increase in compressive strength of 24.6% over the control specimens due principally to the filling effect of FLG [46]; in fact, the A-SP specimens achieve a maximum increase in mechanical strength of 8.9%. After 7 days, compared to the control sample, the A-G015 samples increased the compressive strength to 25.7%. This effect is repeated at 28 days of curing with an improvement of 29%. The Type II graphene specimens show the most considerable compressive strength for the 0.1 and 0.15% of FLG loading. In contrast to Type I graphene, the percentage of 0.05% FLG loading does not improve the mechanical performance [88].



Figure 5 shows the results of the mechanical tests for samples cured in saturated air. The samples with Type I graphene (Figure 5a) after 3 days of curing (samples B-G01) show the best flexural strength with an increase of 13.7% compared to the control sample. At 7 days of curing, the samples B-G05 show the best flexural strength with an increase of 22.1% compared to the control. Finally, after 28 days of curing, samples B-G015 show the best flexural strength (23.9% compared to control samples). As seen for the water-cured Type I graphene samples, the results show an improvement in flexural performance after 28 days, with FLG loading between 0.1 and 0.15 by the weight of cement. Compared to the control specimen, the higher strength is due to the FLG filling effect, which reduces the voids, limiting microcrack formation, as reported in ref. [87].



Type II graphene samples show similar flexural characteristics (Figure 5b). In this case, B-G015 and B-G01 show the best flexural strength after 3 days, increasing about 20% compared to the control sample. B-G01 samples have the best performance in flexural strength after 7 days (+18% compared to control samples). Lastly, after 28 days of curing, B-G05 samples show an increase in flexural strength of about 22% compared to Control samples. The FLG-filling effect [33] seen with Type I graphene is also seen with Type II graphene samples; the flexural strength increase shows similar values to Type I graphene samples.



Figure 5c shows the compression tests result of samples cast using Type I graphene and cured in saturated air. B-G05 specimens show the improvement in the compressive strength of 13.7%, 23.1% and 16.7% compared to the control specimen after 3, 7 and 28 days of curing. The increase in strength due to the filling effect [33] of the FLG occurs for loads equal to 0.5% by the weight cement, whereas for the Type I graphene water-cured samples, a loading of 0.1% by the weight of cement was sufficient.



Even for the Type II graphene specimens cured in saturated air (Figure 5d), there is an improvement in compressive strength due to low FLG loadings relative to the cement weight. After 3 days, sample B-G01 increased 12.8% compared to the control specimen. For 7 and 28 days of curing, there is an increase in compressive strength of 23% and 20%, respectively, compared to the control specimen. For the Type II graphene-based B-G005 samples, it can be noted that the effect of FLG on the mechanical strength due to its filling effect can be obtained already for loads equal to 0.05% by the weight of cement, evidence of a correct dispersion of the addition in the cement matrix. Finally, B-G1 samples have shown a decrease in mechanical strength of 19% compared to the control sample after 3 days of curing; similarly, there was a decay in compressive strength after 7 and 28 days with decreases of 12.5% and 12%. In this regard, FLG loads of 1% have a worsening effect on compressive strength due to weaknesses caused by the formation of FLG clusters [85].



The increase in mortar strength can be attributed to two complementary effects: the filling effect of the FLG addition, limiting the formation of internal cracks by reducing the internal voids of the mortars [33]. Conversely, the addition of FLG above the threshold value of 1% of the weight of cement used may lead to a decrease in mechanical strength due to the formation of FLG clusters within the cement matrix [85].



Another exciting outcome of the tests is the beneficial effect of the superplasticiser turning out into better workability and fluidity of the material with a consequent reduction in voids.



The effect of FLG on the hydration of cement mortar can be deduced from the mechanical strength characterisation, i.e., the FLG-based samples showed an increase in flexural strength of 26.5%, compared to the 8% in the control samples. Furthermore, the increase in compressive strength for the FLG-based samples is 30.9%, while in the control samples (it achieves just 11.8%. The increases in mechanical strength for the FLG-based specimens indicate more significant hydration of the cement granules than in the control sample [89].



The water curing method shows more reliable results and highlights the effects of FLG on the mortar by increasing the difference between 2-D materials-based and control mortars. Besides, curing in water improves the mechanical resistance to compression with lower use of lightly processed FLG 0.1 instead of 0.5 by the weight of cement used; this feature lowers the cost of use and makes it more compatible with the cement composite sector.



Finally, it was found that the differences between the results obtained with the two different types of FLG are negligible, and consequently, a more elaborate material does not imply a significant increase in the mechanical performance of the mortar.




3.4. Graphene Dispersion in the Cementitious Matrix


The optical microscope, Raman spectroscopy and SEM were used to analyse the fractured surfaces of the Type I graphene water-cured specimen. Type I water-cured samples were chosen mainly for two reasons. As seen in Section 3.3, Type I graphene improves compressive strength (+25% compared to the control sample after 28 days) with a shorter production process, making it more attractive for industrial application. Besides, curing in water provides more significant growth in the compressive strength after 28 days than the samples cured in saturated air.



Optical microscope images of the fracture surfaces for mortars at 28 days, with an FLG loading of 0.01 and 1% by the weight of cement, are shown in Figure 6a(i),b(i). The number of voids is reduced for the A-G01 sample. Contrarily, the A-G1 sample presents voids affecting the mechanical properties and the durability of the mortar [31,36].



The spatial distribution of FLG in the cementitious composite is analysed exploiting Raman mapping. There are no statistical differences between the Raman spectra for the produced FLG and the FLG in the mortars, meaning that the process of mixing and curing cement mortar does not alter either physically or chemically the FLG. Figure 6a(iii),b(iii) show the Raman mappings. The presence of FLG is highlighted in green, the clusters in red and the absence of FLG-like materials in blue. It is observed that an FLG loading of 0.1% by the weight of cement does not form aggregates or clusters, while concentrations of 1% promote the formation of the cluster (in red in Figure 6b(iii)), compromising the mortar mechanical properties [85]. High FLG loading (>1% by weight of cement) in mixing water develops agglomerates that trap air [90], which forms voids within the composite matrix during the curing of the cement mortar, decreasing its mechanical performance.



Figure 6a(iv,v),b(iv,v) show the Raman spectra of the selected fracture plane surface points, indicated in a blue and lighter colour in the Raman mapping image: as can be seen from the images, the spectra of the points in green have the peaks (G and D band) characteristic of the FLG, while the points in blue are without them.



This study reveals an FLG loading threshold for improving mechanical performance, between 0.1% and 0.15% bwoc, where the FLG flakes can be homogeneously dispersed in the cement matrix. Above this threshold, the nano additive tends to form clusters, as seen in samples with an FLG loading of 1%, where the voids are visible (Figure 6b(i,ii)).



Figure 7 shows SEM images of Type I and Type II graphene-based mortar samples with the best (A-G01 and A-G015) and worst (A-G1) compressive strength after 28 days of curing.



The SEM images of the best mechanical performance mortars show that FLG flakes (encircled in red) are dispersed in the cementitious matrix, and it is possible to observe how the FLG flakes are embedded in the cement matrix. In addition, the images show that the fracture lines (highlighted in yellow) are located at the FLG clusters while not close to the individual flakes dispersed in the cement matrix.



SEM images for the A-G1 sample (worst increment of compressive strength compared to control sample: +6.4% for Type I graphene and +7.4% for Type II graphene) show FLG flakes and cluster concentrated close to cement mortar voids (encircled in green), suggesting that FLG loading of 1% boosts the bubble formation compromising the mortar strength.





4. Conclusions and Further Developments


It is demonstrated the production of >60% of few-layers graphene (FLG) using a mixture of water and commercially available superplasticiser for the exfoliation of graphite in a high-pressure homogeniser. This methodology allows the production of 1 kg per day of FLG, becoming a promising alternative to produce high-quality FLG in large quantities.



The produced FLG dispersions were used for cement mortar production to evaluate the effects of the nano additive (at different mass loadings) on the mechanical properties of the material. Two different curing methods were tested: in water and saturated air. Samples with 0.1% and 0.15% FLG loading by the weight of cement have shown an increase in compressive strength after 28 days between 25% and 29% compared to the standard mortars.



Compared to the control sample, FLG loadings of 0.1–0.15% by the weight of cement and 28 days of curing in water improve between 22% and 24% the flexural strength of cement.



The FLG contributed to avoiding the formation of microfractures, enhancing the connection between cement hydration products and sand. Interestingly, only 1 to 1.5 g of FLG per kg of cement is needed to improve more than 20% of mechanical performance.



The results presented here highlight new opportunities for the FLG application in sustainable cement composites.



Further tests will concern the effect of the FLG dispersion on the porosity (i.e., to evaluate the durability of the composite) and the thermal and electrical conductivity of FLG-based cement mortar.
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Figure 1. Scheme of the WJM process: the piston takes the solvent/graphite mixture and activates it towards the processor, where exfoliation is performed, then the exfoliated graphite is cooled in a chiller and recovered in a container. 
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Figure 2. (a,b) TEM images of the exfoliated specimens with the two different procedures. The inserts show the distribution of the lateral dimension. (c) Raman spectra for the graphite, reference state, and exfoliated specimens. (d) Histogram of the normalised intensity of the D-band. (e) Histogram of the FWHM of the G-band. (f) Correlation between I(D)/I(G) vs FWHM(G). (g) Analysis of the 2D sub-bands: graphene layers are referenced as a percentage—the dashed line sets the frontier between FLG and graphite 2D zones. 
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Figure 3. SEM images of the FLG-based mortar. (a) SEM image of the control sample. (b) SEM image of the Type I graphene sample with a 1% by weight of cement loading. (c) SEM image of the Type II graphene sample with a 1% by weight of cement loading. 
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Figure 4. Mechanical performance of the FLG-based cement mortars cured in water. (a) Flexural strength result of the Type I graphene mortars after curing 3, 7 and 28 days. (b) Flexural strength result of the Type II graphene mortars after curing 3, 7 and 28 days. (c) Compressive strength result of the Type I graphene mortars after curing 3, 7 and 28 days. (d) Compressive strength result of the Type II graphene mortars after curing 3, 7 and 28 days. Note: Control and SP are FLG-free control samples. All FLG loading percentages are relative to the weight of cement used. 
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Figure 5. Mechanical performance of the FLG-based cement mortars cured in water. (a) Flexural strength result of the Type I graphene mortars after curing 3, 7 and 28 days. (b) Flexural strength result of the Type II graphene mortars after curing 3, 7 and 28 days. (c) Compressive strength result of the Type I graphene mortars after curing 3, 7 and 28 days. (d) Compressive strength result of the Type II graphene mortars after curing 3, 7 and 28 days. Note: Control and SP are FLG-free control samples. All FLG loading percentages are relative to the weight of cement used. 
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Figure 6. Composition of images concerning the evaluation of FLG dispersion in the cement matrix, with loadings of 0.1% (a) and 1% (b) by the weight of cement. (i) Optical microscopy images of a fragment of the fracture surface; highlighted in red areas analysed by Raman mapping. (ii) Gradient on the area delineated by the red rectangle. (iii) Image obtained by Raman mapping. (iv) Raman spectrum of a mortar sample without FLG (v) Raman spectrum of a mortar sample with an FLG flake inside. 
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Figure 7. SEM images of the fracture surfaces after the three-point bending and compressive strength tests. The FLG flakes, the cracking line and the void are marked with red, yellow and green lines. 
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Table 1. Composition of the FLG loading of the cast for FLG-based mortars. All the casts were made with 900 g of cement, 2700 g of sand, 450 g of mixing water. Legend: bwoc = by weight of cement; bwog = by weight of FLG.
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Sample

	
FLG

	
Superplasticiser




	
[% bwoc]

	
[% bwoc]

	
[% bwog]






	
Control

	
//

	
//

	
//




	
SP.

	
//

	
0.25

	
//




	
G005

	
0.05

	
0.20

	
30




	
G01

	
0.1

	
0.20

	
30




	
G15

	
0.15

	
0.2

	
30




	
G05

	
0.5

	
0.2

	
30




	
G1

	
1

	
0.2

	
30
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Table 2. Flexural and compressive strength for water-cured (A-group) and air saturated-cured (B-group) mortars with different FLG content, ageing time and exfoliation procedure. Type I and II indicate the FLG dispersion used for the specimen in the column table. All units are in MPa. Legend: f: strength. t and c subscript: flexural or compressive, respectively. The number in the subscript indicates the ageing in days from casting. Flexural strength: are the mean value of four tests. Compressive strength: are the mean value out of eight tests.
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ft,3

	
ft,7

	
ft,28

	
fc,3

	
fc,7

	
fc,28




	
I

	
II

	
I

	
II

	
I

	
II

	
I

	
II

	
I

	
II

	
I

	
II






	
A-Control

	
4.8

	
5.2

	
5.8

	
23.3

	
26.0

	
29.1




	
A-SP

	
5.4

	
5.7

	
6.1

	
25.4

	
28.4

	
32.9




	
A-G005

	
5.5

	
5.3

	
5.9

	
5.6

	
6.9

	
6.3

	
27.6

	
25.7

	
31.2

	
29.7

	
35.4

	
33.7




	
A-G01

	
5.4

	
5.8

	
5.7

	
6.3

	
7.1

	
6.8

	
27.1

	
29.1

	
30.2

	
31.9

	
36.2

	
35.8




	
A-G015

	
5.5

	
5.9

	
6.0

	
6.0

	
6.8

	
6.8

	
26.3

	
28.0

	
31.5

	
32.6

	
33.5

	
37.5




	
A-G05

	
5.3

	
5.8

	
5.5

	
6.0

	
6.0

	
6.8

	
25.0

	
24.9

	
28.9

	
32.6

	
32.6

	
36.6




	
A-G1

	
5.3

	
5.1

	
5.4

	
5.3

	
6.3

	
6.3

	
21.3

	
23.7

	
27.2

	
26.5

	
30.9

	
31.2




	
B-Control

	
4.9

	
5.1

	
5.7

	
23.4

	
25.3

	
31.0




	
B-SP

	
5.3

	
5.5

	
6.4

	
24.9

	
28.3

	
35.9




	
B-G005

	
5.2

	
5.1

	
5.9

	
5.3

	
6.0

	
6.9

	
26.5

	
26.0

	
26.9

	
31.2

	
34.8

	
37.2




	
B-G01

	
5.6

	
5.9

	
5.6

	
6.0

	
6.9

	
6.7

	
26.6

	
26.3

	
29.6

	
28.7

	
32.7

	
35.5




	
B-G015

	
5.2

	
5.9

	
6.0

	
5.9

	
7.0

	
6.8

	
26.1

	
25.9

	
29.5

	
30.0

	
35.3

	
35.9




	
B-G05

	
4.9

	
5.6

	
6.2

	
5.8

	
6.6

	
6.9

	
26.6

	
25.0

	
31.2

	
29.3

	
36.2

	
36.0




	
B-G1

	
4.8

	
4.9

	
5.0

	
5.2

	
5.7

	
6.5

	
23.4

	
19.0

	
27.4

	
22.2

	
32.4

	
27.4
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