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Abstract 

Exfoliation and dispersion of boron nitride nanosheets (BNNSs) is the key to achieving desired 

reinforcing effects for ordinary Portland cement (OPC). Few studies exist, however, of the dispersion 

of BNNSs in a cement-induced alkaline environment and their effect on the mechanical properties of 

normal OPC paste. In this study, protocols were developed to prepare BNNS-reinforced OPC paste. 

Ultrasonication was used to exfoliate BNNSs from h-BN in water based suspensions. The addition of 

surfactants in the suspension was found to hinder the exfoliation of the BNNSs. The surfactants were, 

however, found essential for dispersion of the BNNSs in pore solution. Among the three surfactants 

used in this study, polycarboxylate based superplasticizer was most suitable as it maintained over 

40% of the BNNSs stable in pore solution for 4 hours and increased the hydration flow peak over 

20%. Atomic force microscopy results indicated that the thickness of the BNNSs was mainly under 

10nm. With the addition of 0.003wt% BNNSs, the compressive and tensile strengths of cement were 

increased by 13% and 8%, respectively. Besides the nucleation effect as indicated by hydration heat, 

pore structure refinement and chemical bonding were also found as the main reinforcing mechanisms 

of BNNSs in OPC matrix.  
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1. Introduction 

2D nanomaterials, such as graphene based nanomaterials, have demonstrated great potential as 

reinforcing materials for high performance composites 1-9, thus are often called 2D 

nanoreinforcements. Except for the superior Young’s modulus and mechanical properties, their 

another prominent advantage is the large surface area 6 that improves their interaction with the 

composite matrix.  

Exfoliation and dispersion of 2D nanoreinforcements is one of the major challenges to fabricate 

nanocomposites and also an important step which needs to be properly understood before 

characterizing the interaction between the 2D nanoreinforcements and the matrix. Extensive chemical 

treatment or mechanical action is often needed to exfoliate 2D nanomaterial from bulk materials. For 

example, a strong oxidizing agent is often used to introduce functional groups on graphene to prevent 

reagglomeration 10. However, these functional groups on graphene can lead to compatibility problems 

with alkaline 11 or ionic solutions 12.  

Besides graphene, another potential 2D nanoreinforcement is boron nitride nanosheets (BNNSs) 

that can be exfoliated from hexagonal boron nitride (h-BN). h-BN is a structural analog of graphite 

with alternating B and N atoms 13. Like graphene oxide (GO), BNNSs display outstanding thermal 14 

and mechanical 15 properties. However, the exfoliation and dispersion of BNNSs for cementitious 

composites is still a very challenging task. The compatibility between the existing exfoliation and 

dispersion methods and the dispersion of the BNNSs in cement pore solution 16 are main challenges.  

BNNSs can be exfoliated from h-BN by either chemical 17, 18 or physical 19-23 approaches. In the 

chemical approach, functional moieties are covalently attached to the surface of h-BN to overcome 

van der Waals attraction 24. The extensive chemical treatment 17, 18 usually introduces a significant 

number of surface defects that can degrade the mechanical and chemical stability of BNNSs. Physical 

approaches utilize direct peeling 19, ball milling 20, 21, or ultrasonication 22, 23 to exfoliate BNNSs from 

h-BN. Direct peeling is not suitable to produce BNNSs in large quantities 24. The ball-milling 



 

 

technique exfoliates the BNNSs by applying shear forces and it also introduces a significant amount 

of surface defects 21. Ultrasonication can fabricate large scale BNNSs though often needs polar 

solvent such as N,N-dimethylformamide (DMF)23. Lin et al. however, reported in 2011 that with the 

assistance of ultrasonication, water can be used directly to exfoliate BNNSs 22. 

This ultrasonication based exfoliation method is preferable for OPC matrix since it can produce a 

ready-to-use BNNSs water suspension in one step. Moreover, the hydrolysis effect of h-BN 

contributes to the exfoliation and dispersion of BNNSs in water 22, whereby the boron-nitrogen bonds 

are attacked and cut by water molecules under ultrasonication and form boron edges with pendant 

hydroxyl groups 22. This hydrolysis effect allows the h-BN to be broken along the B atoms 22, thereby 

inducing fewer surface defects during the process. In addition, the hydroxyl groups improve 

hydrophilicity and dispersion of exfoliated h-BN in water.  

Despite the potential of BNNSs as 2D nanoreinforcement for OPC, study in this field is rare. When 

Rafiee et al. mixed 1wt% of h-BN 20 with OPC powder in a ball mill, the toughness of the resulting 

porous cement paste sample was improved by almost 90% and the compressive strength was 

increased by 88%. However, their study focused on the hydrocarbon adsorption of this highly porous 

cement paste. Investigation of the effect of BNNSs on the mechanical properties of normal OPC paste 

is still very limited. Moreover, the effectiveness of BNNSs produced by the ultrasonication method 

for enhancing OPC paste is still unknown. 

In addition, investigation of the dispersion stability of these ultrasonication-exfoliated BNNSs is 

also very limited. The dispersion of BNNSs has only been studied in water, KOH and HCl solution 

22. However, fresh OPC paste is a more complex mixture and contains various types of ions and 

particles. The volume proportion of the particles is around 40% for a water-to-cement ratio between 

0.4 to 0.6 25. The other 60% volume fraction is occupied by pore solution 16 in which the BNNSs 

actually reside. Any reagglomeration of BNNSs in pore solution decreases the reinforcing efficiency 

due to the lower specific surface area. Furthermore, stress concentration resulting from agglomerated 

BNNSs also compromises mechanical strength 26.  



 

 

In this paper, the effectiveness of ultrasonication methods for enhancing OPC paste is studied. The 

effects of different surfactants on the exfoliation efficiency of BNNSs and the dispersion stability of 

BNNSs in pore solution are studied. Then, the effects on cement hydration of different suspensions 

containing BNNSs are studied. Based on the optimal exfoliation efficiency, dispersion stability and 

the effect on hydration, protocols for preparing h-BN/BNNSs reinforced cement are developed. On 

that basis, h-BN/BNNSs reinforced cementitious composites are produced and tested for mechanical 

properties. The results show that the BNNSs are highly effective for enhancing Portland cement, and 

the reinforcing mechanisms are discussed. 

  



 

 

2. Experimental program 

2.1 Materials 

PolarTherm® Boron Nitride Powder (h-BN, Grade PT110 with average size of 45 µm) from 

Momentive was used. Three different surfactants were used as dispersing agents: polycarboxylate 

(PC) based superplasticizer (Sika® ViscoCrete® 2100); 20 wt% sodium dodecyl sulfate (SDS) 

surfactant water solution; and gum arabic (GA) powder. Type GP OPC, conforming to the 

requirements of Australian Standard AS 3972, was used to mix the fresh cement paste.  

Considering the unstable ion concentrations 27 and the easily precipitated solids 28 in extruded pore 

solution, a simulated OPC pore solution was prepared in advance to test the stability of the h-BN 

suspensions in alkaline environments (Table 1 29). It contained various ions including Na+, K+, Ca2+, 

SO4
2-, and OH- 30 and the ion concentrations were similar to the extruded pore solution obtained from 

this type of cement at early hydration age (first 8 hours) 30. 

Table 1: Composition of the simulated OPC pore solution 29 

Compound NaOH KOH CaSO4 2H2O Ca(OH)2 

Concentration (g/L) 8.0 22.4 27.6 Saturated 

2.2 Exfoliation and dispersion of BNNSs 

h-BN suspensions were produced by tip ultrasonicating a mixture of distilled water, 2.5wt% of h-BN 

powder and, in some cases, surfactants. Ultrasonication was applied using a Vibra-cell VCX 500 

ultrasonicator. Four different suspensions, as shown in Table 2, were compared in terms of the 

BNNSs exfoliation efficiency, dispersion stability and effect on cement hydration. During 

ultrasonication, the power applied to the suspension was controlled at 80±5W and the ultrasonicator 

ran in a pulse mode with a 6s on-time and 2s off-time per pulse cycle.  

Table 2 h-BN powder suspensions 

Suspension 

Type 
h-BN Powder Surfactantb 

Total Weight of 

Suspension 

Refa 2.5g - 100g 

PC 2.5g 6.25g of PC  100g 

SDS 2.5g 6.25g of SDS  100g 

GA 2.5g 6.25g of GA 100g 
aRef: Reference 
b: Refer to the solid content. 



 

 

The h-BN exfoliation and dispersion within the h-BN suspension were characterized using the light 

absorbance (ABS) of the suspension, measured with a Shimadzu UV 4800 UV-Vis 

photospectrometer. The four h-BN suspensions in Table 2 were sampled after every 75 kJ 

ultrasonication energy input until the total energy input reached 525 kJ. To prevent oversaturating the 

ABS signal, a dilution factor of 10x was used for the UV-vis measurements. After UV-vis 

measurement, 10 min centrifugation at 1,400 × g was used to remove large h-BN particles from the 

diluted suspension. UV-vis measurement was then conducted on the supernatant of the centrifuged 

suspension.  

The ultrasonicated reference suspension in Table 2 was centrifuged and the supernatant was taken 

and diluted 20x. Then a droplet of 5 µl was placed on a transmission electron microscopy (TEM) 

Lacey carbon grid. After the droplet had fully evaporated, the grid was dried under 80°C for 30 min 

before evaluation under a FEI Tecnai™ G2 T20 TEM. Bruker’s Dimension iCon® atomic force 

microscopy (AFM) was used to measure the thickness of exfoliated h-BN sheets. To prepare the AFM 

samples, the supernatant already described was taken, diluted 100x and drop casted on a silicon wafer. 

The silicon wafer was dried and the morphology of the BNNSs was measured by AFM using a tapping 

mode. 

 To test the stability of BNNSs in an alkaline environment, the ultrasonicated suspensions in Table 

2 were diluted 10 times in the simulated pore solution, mixed for 5 min and then centrifuged at 1400 

× g for 10 min to separate the large particles and instant agglomerations. The UV-vis spectra of the 

supernatant were measured every 30 min for 16 h. 

2.3 Effect of h-BN and surfactants on early hydration of cement  

Hydration heat measurements were performed to measure the effect of h-BN and surfactants on the 

hydration process of cement using a TAM Air conductive calorimeter at 25ºC. Cement pastes were 

produced with the three 10x diluted ultrasonicated suspensions in Table 2, namely Ref, PC, and GA. 

The SDS suspension was not used due to its poor stability in simulated pore solution (see 3.2 for 



 

 

details). Three samples were prepared for each suspension, and having 5 ± 0.1g of cement paste, with 

a water/cement ratio of 0.4. The mix design for hydration heat measurements is shown in Table 3. 

Table 3 Mix design for hydration heat measurements 

Suspension Type Sample w/c Surfactant wt% BWOCa h-BN wt% BWOWb 

Reference 

Ref 0.4 - - 

Ref c 0.4 - 0.25 centrifugedc 

Ref nc 0.4 - 0.25 non-centrifugedd 

PC 

PC 0.4 0.25 - 

PC c 0.4 0.25* 0.25 centrifugedc 

PC nc 0.4 0.25* 0.25 non-centrifugedd 

GA 

GA 0.4 0.25 - 

GA c 0.4 0.25* 0.25 centrifugedc 

GA nc 0.4 0.25* 0.25 non-centrifugedd 
aBWOC: by weight of cement, refer to the solid content 
bBWOW: by weight of water 
ccentrifuged: Supernatant of ultrasonicated suspensions after centrifugation at 1400 × g for 10 min  
dnon-centrifuged: Ultrasonicated suspensions without centrifugation 

*This part of surfactant was included in the h-BN suspension 

 

Quantum mechanics was used to model the nucleation process of BNNS. The energies of silica 

structures and BNNS were calculated in the conductor-like screening modelled (COSMO) solvation. 

Details of the modelling process can be found in Ref 31.  

Pore solution was prepared and tested under FT-IR spectrophotometry ATR mode (FT-IR 

spectrophotometer, PerkinElmer Spectrum 100, USA) to examine the effect of h-BN on cement 

hydration. Three samples were tested, namely samples Ref c1, PC c1, and GA c1, with the 

water/cement ratio = 1, centrifuged h-BN addition = 0.25wt% BWOW, and surfactant addition = 

0.625wt% BWOC. A higher w/c ratio is used here to avoid the trapping of BNNSs by cement grains 

during the squeeze-out of pore solution. The samples were mixed and centrifuged at 1400 × g for 10 

min. The pore solution (or the supernatant) was taken after 24 hours and tested under FT-IR ATR 

mode.  

2.4 Preparation of h-BN reinforced cement and characterization 

Cement dry powder was mixed with the h-BN suspension using a high-shear mixer (a Model 7000 

Constant Speed Mixer from Cement Test Equipment) according to the procedure specified in the 



 

 

ASTM standard C1738 32. The same batch of cement powder was used here. The cement pastes were 

cast into Ø23.5 x 47 mm cylinders and vibrated for approximately 30s on a vibrating table. The 

samples were demolded after 24 hours and were then cured in saturated lime until testing. During the 

preparation process, the room temperature was kept at 25±1°C and the humidity was controlled at 

50±5% all the time. Mechanical testing was performed using an Instron 4204 50 kN loading frame. . 

Four samples were tested for each batch and the calculated average value was taken as the strength 

of the cement paste.  

A centrifugation-driven low-melting-point metal intrusion (CLMI) method 33 was used to 

characterize the microstructure of h-BN reinforced cement. BSE images showing the cross sections 

of cement paste with ultra-high resolution and contrast were obtained using the method described in 

literature 33, 34. The detailed experiment process can be found in literature 33. 

The fracture surface of the h-BN reinforced cement was imaged under FEI Magellan™ 400 XHR 

FEG scanning electron microscopy (SEM) to determine the reinforcing mechanisms of the h-BN. 

Before imaging, the surface of the cement samples was etched by hydrochloric acid (0.5 mol/L) for 

20s to remove small particles and make the h-BN more visible under SEM. 

3. Results and discussion 

3.1 Effect of ultrasonication and dispersing agent on exfoliation efficiency 

BNNSs were exfoliated from large h-BN platelets and dispersed during ultrasonication 17, 22, 35. 

According to the Beer-Lambert law, the ABS at a specific wavelength is proportional to the total 

concentration of the suspended nanoparticles 16. The concentration of BNNSs was increased as well 

as the ABS due to the increase of ultrasonication energy.  

The ultrasonication was found to have different effectiveness in breaking down and exfoliating h-

BN in different dispersion media. Figure 1 shows the increase in ABS of the four suspensions (without 

centrifugation) at 400 nm wavelength with ultrasonication energy (Table 2). The absorbance at 400 

nm was used to better characterize the concentration of h-BN with a wide size distribution 16, 36, 37. It 

can be observed that the ABSs of the Ref suspension were higher than those of the other suspensions 



 

 

from 0 to 525 kJ. The rate of increase of the ABS of the Ref suspension before 225 kJ was about 

8.6×10-3/kJ, which was 35% to 60% higher than that of the other suspensions (in the range of 5.4 to 

6.3×10-3/kJ). With the increased energy input, the rate of increase of the ABS reduced gradually, due 

to the increased concentration of exfoliated h-BN sheets. Between 450 and 525 kJ, the increase of the 

ABS of the Ref suspension was negligible (only about 0.02). Hence, further sonication (>525kJ) was 

deemed ineffective for exfoliating h-BN and avoiding it is suggested. The water (Ref) suspension 

was also found to generate smaller h-BN sheets (shown in Supplementary material Figure S1). 

 

Figure 1 Light absorbances at the 400 nm 

From the results shown in Figure 1 and the absorbance after centrifugation shown in Figure S1a, 

the involvement of surfactants decreased the exfoliation efficient and reduced the yield of exfoliated 

h-BN sheets in the supernatant. Surfactants are usually employed to assist in the exfoliation and 

dispersion of nanomaterials 16, 38, 39 by covering their surface and resisting the van der Waals attraction 

between nanomaterials 40. However, the presence of surfactants also impedes the transfer of 

ultrasonication energy between h-BN and water molecules and the hydrolysis effect 22. 

The water (Ref) suspension supernatant was imaged under TEM to determine the morphology of 

the exfoliated h-BN sheets obtained from the ultrasonication and centrifugation processes. As seen in 

Figure 2a, the layered structure of h-BN was observed under TEM. An interference pattern with a 

measured strip spacing of 4 nm is observed in Figure 2c, which is likely due to the stacking of two h-

BN sheets as indicated by the two main sets of diffraction patterns shown in Figure 2b. The 



 

 

interference pattern is uniform and no distortion is observed, features that also suggest good integrity 

of the atomic structure of the h-BN sheets.  

 

Figure 2 (a): Typical TEM images of exfoliated h-BN sheets. The circle indicates the location of the 

selected area aperture. (b): Selected area electron diffraction pattern of BNNSs shown in (c).  

(c): Interference pattern due to two closely stacked h-BN sheets with orientations slightly 

staggered. (d): AFM image of exfoliated h-BN sheets. (e): Section profiles of the dashed lines 

shown in (d). 

The AFM was used to measure the thickness and size of the exfoliated h-BN sheets. Figure 2d 

shows a typical AFM image of the supernatant of the Ref suspension (Table 2). The AFM image and 

profiles (Figure 2d and e) illustrate that the thickness of the exfoliated h-BN sheets remaining in the 

supernatant is mainly below 10 nm (around 80%, based on more than 200 measurements) with a few 

(less than 20%) within 10-20 nm. The AFM results show that the thickness of BNNSs is greater than 

some values reported in literature (< 10 nm) 17, 22, a result that is reasonable considering the shorter 

centrifugation time and lower centrifugation speed used here (10 min for 1400 g compared with 15 

min for 3000 g in the literature 22) to preserve more BNNSs for reinforcement purposes. 
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To quantify the amount of nanosheets produced by the tip ultrasonication method, four 

ultrasonicated Ref suspensions (shown in Table 2) of around 50 ml were centrifuged. The supernatant 

was taken, dried, and had its remaining weight measured. The results showed that the concentration 

of BNNSs in the supernatant was 0.078±0.011%, suggesting that the BNNSs obtained from the 

ultrasonication process represented only 3.1±0.4% of the original h-BN, a result that was consistent 

with the value reported in literature (~2.5-5% 22). 

In conclusion, it is suggested that water be used for ultrasonication purposes without adding any 

surfactants. The water (Ref) suspension produced more BNNSs than the other suspensions and the 

BNNSs yield was 3.1±0.4%. 

3.2 Dispersion stability in alkaline environments 

The stability of exfoliated BNNSs is one of the key factors for ensuring a good reinforcing effect. 

Due to the high van der Waals forces, BNNSs tend to agglomerate into large particles in aqueous 

solution 24. It is commonly considered that 60% volume fraction of fresh OPC paste 25 is occupied by 

pore solution that contains various types of ions 16. Agglomeration of BNNSs in pore solution 

decreases the reinforcing efficiency because the large agglomerates have lower aspect ratios and can 

contribute to stress concentration 16, 26. 

Absorbance reduction is the measure used to describe the dispersion stability of BNNSs in the pore 

solution, being the reduction of the ABS diluted in pore solution compared to the ABS diluted in 

distilled water (Refer to Supplementary material Eq.S1 for details). Considering only h-BN in 

nanoscale are presented in the solution and spectrum only shows a narrow peak at 220nm (Figure 

S1), the absorbance at 220nm is used here as a common practice in literature 41, 42. 

Figure 3a presents the samples’ absorbance reduction at 220 nm in relation to the time after dilution 

in pore solution. In the case of the water (Ref) suspension, the remaining absorbance is reduced to 

almost zero after the introduction of pore solution and centrifugation, indicating that the BNNSs are 

highly unstable in the pore solution without the addition of surfactants. The stability of BNNSs is 

significantly lower in pore solution compared with the reported literature on the dispersion of h-BN 



 

 

in a monovalent ion alkaline environment (1 ml of 0.1 M KOH added into 2 ml h-BN water 

suspension), in which the BNNSs remained stable for more than 3 days 22. This difference is likely 

due to the presence of Ca2+ in the pore solution. Hydroxyl groups were found on the edge of BNNSs 

due to the ultrasonication 22 and the divalent metal ions (Ca2+) could work as cross-linkers to bind 

hydroxyl groups on neighboring sheets 12. 

 

Figure 3 (a) Absorbance reduction at 220 nm of the four suspensions after dilution in pore solution 

and (b) pictures of the four suspensions (Ref, SDS, PC, and GA from left to right) diluted in pore 

solution after 24 hours. 

Flocculation was found immediately after the SDS suspension was diluted in pore solution. This 

finding was likely due to the presence of potassium ions flocculated the dispersion particles by the 

reaction between the potassium ions and SDS 43. After the flocculation in the SDS suspension was 

removed by centrifugation, the absorbance ratio dropped to nearly zero. 

 

 



 

 

From Figure 3a, the absorbance of the GA suspension reduced by about 20% immediately after 

mixing with the pore solution, with no further reduction. The absorbance reduction of the PC 

suspension was about 40% after mixing with the pore solution (t=0 h). The absorbance dropped 

rapidly in the first two hours by more than 55% and the reduction rate was about 7.5%/hour. Then 

the reduction rate dropped gradually: in the last two hours, the reduction rate was reduced to less than 

0.5%/hour and the absorbance at t=16 h was still greater than 30%.  

Generally, GA and PC showed effective stabilization of the BNNS dispersion in the pore solution. 

GA produced very stable dispersion in the pore solution. The PC maintained absorbance above 40% 

before the initial setting time of OPC pastes (typically 4 h 25). These improvements in the stability of 

BNNSs with the addition of surfactants were likely due to the electrostatic and steric effects 

introduced by these surfactants 44, 45.  

3.3 Effect of BNNSs on cement hydration  

The effect of BNNSs on cement hydration was studied via the heat flow during the cement hydration 

reaction and the formation of bonds on the BNNSs. Heat release during cement hydration is usually 

assumed to be proportional to the formation of hydration products such as calcium silicate hydrate 

(C-S-H), calcium hydroxide (CH), AFm and AFt phases 46. Therefore, heat flow can be used to reflect 

the effect of BNNSs on the formation of these hydration products. Additionally, the formation of 

bonds on BNNSs in cement pore solution can be characterized using FT-IR, providing better 

understanding of the nucleation effect of BNNSs. The heat flow curves and the accumulated hydration 

heat are shown in Figure 4. Two peaks are seen in each hydration heat flow curve (Figure 4a-c). Peak 

1 is identified as the rapid formation of C-S-H and CH and Peak 2 results from the formation of 

monosulfate 25. Figure 4a and d show that sonicated h-BN presents no effect without surfactant 

assisted dispersion. In Figure 4b, the addition of h-BN with the presence of PC (PC c and PC nc) 

increases both peaks, indicating that h-BN accelerates the formation of C-S-H, CH, and monosulfate. 

Compared to the sample without h-BN (PC in Figure 4b), non-centrifuged and centrifuged h-BN 



 

 

increase peak 2 by about 20% and 16%, respectively. The PC suspended h-BN improves the total 

hydration heat by 0.2 kJ after 40 hours (Figure 4e). 

 

Figure 4 (a)~(c) Heat flow over time of cement pastes mixed with Ref suspension, PC suspension, 

and GA suspension. (d)~(f) Total heat generated over time by cement pastes mixed with Ref 

suspension, PC suspension, and GA suspension. 

Despite the excellent dispersion ability, the broadened peaks in Figure 4c show that GA delays the 

hydration reaction. Further, Figure 4c and f show that the GA suspended h-BN has only a minor effect 

on peak 2. The literature suggests the GA also work as a retarder in cement paste 25, 47. Due to the 

poisoning and adsorption onto the surface of C-S-H and CH 25, GA hinders the hydration of calcium 

silicate and the formation of CH and C-S-H (the first peak shown in Figure 4). 
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Figure 4 also suggest that the BNNSs (PC c and GA c) have a similar effect (<20% difference) to 

that of the non-centrifuged h-BN (PC nc and GA nc). As shown in Section 3.1, the amount of BNNS 

contained by PC c was 3.1±0.4% of that in PC nc. Hence, the results suggest that BNNSs were much 

more effective in accelerating cement hydration than large h-BN particles. The boron nitride sheets 

with nanometer level thickness are the key for effective improvement of cement hydration reactions. 

The accelerated formation of hydration products indicates the potential nucleation effect of h-

BN/BNNSs. In order to reveal the nucleation mechanism of BNNS, quantum mechanics (QM) with 

COSMO solvation, a widely used method to model the nucleation reactions 31, was used to calculate 

the Gibbs free energies. As shown in Figure 5a, the silicic acid monomers (M) are released during 

cement hydration 25 and the BNNSs are dispersed in solvation as supported by UV-vis measurements 

in Section 3.2. The QM calculation suggests the deprotonation of M and hydroxyl groups on the edge 

of BNNS is spontaneous in alkaline environment such as fresh cement paste (see Supplementary 

material for details). As shown in Figure 5b-c, with the deprotonation number of the reactants (n) 

increased from 0 to 2, the Gibbs free energy of condensation of M varies from 0 to -53kJ/mol 31. For 

the growth of silicate structure on the edge of BNNS shown in Figure 5d-f, the Gibbs free energy are 

negative when n>0. The BNNS used for QM calculation (Figure 5e) includes the hydroxyl groups on 

the edge of BNNS, periodic boundaries to simulate the continuous network of electrons in BNNS and 

a cut boundary with atom cap 48. The results suggest in alkaline environment (n>0), BNNS can 

provide extra energy favoured nucleation spots for the growth of silicate structures, which is an 

important step for the formation of C-S-H 25. In addition, the isosurface of electron deformation 

density (EDD) is also shown in Figure 5c and e. Compared to D (n=2), the BNNSM (n=2) in Figure 

5e indicates a larger unevenly distributed EDD around Si atom which leads to a larger polarity and 

dipole moment 49. Along with the three hydrogen bonds between M and BNNS shown in Figure 5e, 

the intramolecular force is increased which leads to a lower molecular energy and a lower reaction 

Gibbs free energy (-112 kJ/mol). 



 

 

 

Figure 5 (a) ~ (f) Schematic drawing showing the nucleation process of silicic acid and the growth 

of silicate structure on BNNS’s surface. Color scheme: red (O), white (H), yellow (Si), cobalt blue 

(N) and pink (B). (g) Baseline corrected Fourier transform infrared spectra of pore solution after 

hydration for 24 hours. Insert figure: zoomed-in view of figure in the wavelength range = 1000-

1200 cm-1. (h) Schematic drawing showing the potential effect of BNNS nucleation on the 

microstructure of cement paste. BNNS: boron nitride nanosheet; OHP: outer hydration products; 

IHP:inner hydration product; UHC: unhydrated cement 

The FT-IR spectrometer is used to observe the formation of silicate structures in BNNSs suspended 

pore solution. The FT-IR spectra are shown in Figure 5g. A sharp band for polymerized silicate is 

found in the range 1000-1150cm-1 50-52. Compared to other samples, the PC suspended BNNSs (PC 

c) are shown to have a higher peak and a broader band that includes more lower frequencies. This 

feature indicates that the pore solution of the sample PC c had a higher concentration of C-S-H phase, 

especially the silicate structures with lower degrees of connectivity 50. The FT-IR spectra confirmed 

the nucleation effect of BNNSs shown in Figure 5d - f.  

Water 

 

BNNS OHP UHC IHP 

 
Stage I Stage II Stage III 

∆
G

 

 (
k
J

/m
o

l)
  

  0    n=0 
n=0 -28   n=1 
n=1 -53   n=2 
n=2  

 

∆
G

 

 (
k
J

/m
o

l)
  

102   n=0 
n=0  -70   n=1 
n=1 -116  n=2 
n=2  

 
Periodic

Atom cap

M M (n=2) D (n=2)

Deprotonation number

COSMO solvation (water)

BNNS (n=2)

H bond

+

+

BNNSM (n=2)

Positive EDD

Negative EDD

∆
G

 (
k
J

/m
o

l)
-4

9
  

n
=

2

-
-

-

-

-

-

- --

-

   

   



 

 

A schematic drawing is also given in Figure 5h, showing the potential effect of the nucleation effect 

on the microstructure of cement paste. Based on the mobility the nanomaterials in cement matrix, 

three stages were presented. In stage I, some BNNSs move freely and stay dispersed in cement pore 

solution (as indicated by UV measurements). The hydroxyl groups on the boundary of BNNS provide 

various nucleation spots for the formation of silicate chains (which supported by QM calculation and 

FT-IR spectra). In stage II, the cement hydration products keep growth and the mobility of BNNSs is 

lost. Finally, in stage III, majority (over 70% 25 after 28 days) of the space is filled with cement 

hydration product. BNNSs are heavily covered by hydration products, which is supported by SEM 

imaging that no free BNNSs was found in cement pores after extensive observation and imaging. The 

BNNSs covered by hydration products filled in the pores and reduced porosity. 

Based on the findings from Sections 3.2 to 3.3, the polycarboxylate based superplasticizer was 

suggested to be the most effective disperser of BNNSs in fresh OPC, maintaining the stability of 

BNNSs in pore solution within the typical initial setting time of Portland cement and producing a 

better nucleation effect on cement hydration.  

3.4 Strength improvement of h-BN reinforced cement pastes 

Based on the discussion from Sections 3.1 to 3.3, a new protocol is suggested here for the preparation 

of h-BN reinforced cement. In this protocol, to provide the best exfoliation effect, water is used 

directly in the ultrasonication process without the addition of any surfactant. The addition of 

Polycarboxylate based superplasticizer after the ultrasonication is suggested.  

Three cement paste batches were prepared using this protocol and their mix design is listed in Table 

4. A mini slump test 39, 53 was conducted to measure the workability of the cement paste. To ensure 

that different mix batches had similar workability, slightly more (0.00015) PC was added to nc and c 

mixes to compensate for the loss of workability due to the high surface area of BNNSs 2. In literature, 

the dosage of this product for cementitious material is in the range of 0.25-1% 54, 55. 

 

 



 

 

Table 4 Mix designs for mechanical test (The weight of Portland cement is set as 1.) 

Mix 
Portland 

Cement 
Water h-BN Suspension PCa 

Slump 

Test 

Control 1 0.4 - 0.00235 145mm 

nc 1 0.36 
0.04 non-centrifuged (contains 0.001 of 

h-BN/BNNSs) 
0.0025 145mm 

c 1 0.36 
0.04 centrifuged (contains 3.1±0.4 ×10-5 

of BNNSs) 
0.0025 150mm 

a: Total dosage which includes the dosage in h-BN suspension, refer to solid content 

 

The addition of h-BN increased the strength of the cement pastes (Figure 6). For non-centrifuged 

h-BN reinforced cement, the 7-day compressive strength and splitting tensile strength of increased 

by around 8% and 13%, respectively and the 28-day compressive strength increased by 13%. The 

differences between centrifuged and non-centrifuged samples are negligible for both strength test, 

which were consistent with the foregoing discussion in Section 3.3 and indicated that the nanoscale 

h-BN was the main contributor to strength improvement. 

 

Figure 6 (a) Compressive strength and (b) tensile strength of Portland cement pastes  

A reserved trend was noticed for the compressive strength of non-centrifuged (nc) samples and 

centrifuged (c) samples from 7 days to 28 days. The non-centrifuged (nc) samples have a higher 

concentration of BNNSs and a higher heat flow (shown in Figure 4b). Hence the non-centrifuged (nc) 

samples show a higher compressive strength at 7 days as shown in Figure 6a. The past study 56 has 

suggested that after cured for 28 days, the superiority of accelerated early hydration was decreased. 

In addition, higher concentration of large particles led to more stress concentration 26 points. Hence 

  



 

 

the centrifuged (c) samples show a higher compressive strength at 28 days. This reverse trend wasn’t 

observed for tensile strength which might suggest the contributions of the large particles to tensile 

strength. 

The potential effect of h-BN to the microstructure of cement paste is proposed in Figure 5h. In 

order to further reveal the effect of h-BN on cement paste, the microstructure of cement paste at early 

hydration age has been studied. A typical BSE images of cross-sections of control sample is given in 

Figure 7a which shows more large pores (>30 µm) than the sample with centrifuged h-BN (BN c) 

shown in Figure 7b. Inserted figures show the radial distribution of dp50 where the subscript means 

the contribution to the porosity from the pores smaller than dp50 is 50%. The bottom and top end 

points of vertical lines represent dp25 and dp75, respectively. The averaged radial distributions are 

shown in Figure 7c. The figures suggest the dp25, dp50 and dp75 are roughly constant at different radii 

for the same sample. With the addition of h-BN/BNNSs, the dp25, dp50 and dp75 are reduced as well as 

the variations. The difference between dp25 and dp75 is also reduced which suggest a narrow pore size 

distribution and a denser pore structure. This pore structure refinement is due to the nucleation effect 

of h-BN/BNNS as suggested in Figure 5. The reduction percentages of dp25, dp50 and dp75 are similar 

at different radii which suggest a uniform distribution of h-BN/BNNS in cement paste.  



 

 

 

Figure 7 A typical BSE image of (a) control sample and (b) cement sample with centrifuged BN 

(BN c). The equivalent pore diameters (dp) are indicated with the colormap. Inserted figures 

indicate the radial distributions of dp25, dp50 and dp75. The scatter points represent for dp50 and the 

bottom ends of the vertical line represent for dp25 and top ends for dp75. More BSE images and their 

non red-green version can be found in Supplementary material, as well as a typical image without 

colormap. (c) Averaged radial distributions of dp25, dp50 and dp75. The x coordinates of Control and 

BN c are shifted to allow a clear illustration. (d) Pore size distribution for cement samples cured for 

1 day. Inserted figure shows the percentage of pore volume from three characteristic pore range. 

The microstructure refining effect can also be seen from the pore size distributions in Figure 7d. 

The inserted figure shows the pore volume percentage of three characteristic pore ranges. The 

percentages of pores with a dp between 0.1 - 1 µm are similar (10±2%) for all three samples. However, 

with the addition of h-BN/BNNSs, the BN c and BN nc show a significant reduction of large pores 

(> 10 µm) and a great increase of small pores (1-10 µm). The results suggest the refinement effect is 

more obvious for pores larger than 1 µm at early hydration stage. The refining effect confirmed the 

assumption in Figure 5h that the h-BN/BNNSs accelerate the hydration process and more hydration 

products deposit in the pore space which refined the cement pore paste to a denser state. 

  

  



 

 

An SEM image is given in Figure 8a showing the morphology of nanomaterials in cement matrix 

and microstructure of cement which are often used to help understanding the reinforcing roles of 

nanomaterials 57-59 and the bulk materials properties. Pulled-out h-BN (confirmed by the EDX 

mapping in Figure 8b and 7c) is evident on the crack surface. Such a bridging effect may be a reason 

for the increased loadbearing capacity 39, 60. Figure 8d shows the morphology of sonicated h-BN that 

has a relatively smooth surface. The pulled-out h-BN (Figure 8a) is coated with a layer of rough 

material. These rough material could be the hydration products covered on BNNS’s surface as 

suggested in Figure 5h.   



 

 

 

Figure 8 (a) SEM image of fracture surface of h-BN reinforced cement, (b) and (c) EDX mapping 

of elements B and N for the area highlighted in (a), (d) typical SEM image of h-BN  

The results suggest that BNNSs is likely to be one of the most efficient reinforcing materials for 

cementitious material. The BNNSs dosage was 0.003% BWOC (0.078%÷10×0.4) and it improved 

compressive strength by 13% at 28 days. In contrast, in order to obtain similar (13±2%) strength 

improvement, the required dosages are 1~6wt% 61-63 for nanosilica, 0.3~0.5wt% 60, 64-66 for carbon 

nanotubes (CNTs), and 0.01~0.3wt% 1, 3, 67 for GO. The superior reinforcing efficiency of BNNSs 

results from the good dispersion stability in pore solution and the interactions between BNNSs and 

cement matrix as discussed in Section 3.3. In the present protocol, the amount of superplasticizer 
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limited the dosage of BNNSs because too much superplasticizer affected the consistency of the OPC 

mix. Further research is needed to address this limitation and to increase the possible dosage of 

BNNSs. 

4. Conclusions 

Our findings show that different dispersion media have different effectiveness in breaking down and 

exfoliating h-BN. Water is recommended to be used directly without the addition of any surfactant, 

considering it maintained highest ABS from 0 to 525 kJ among all dispersion media. The AFM result 

showed that 80% of the BNNSs were less than 10 nm thick. The dispersion stability of BNNSs in 

simulated pore solution suggests that surfactants are needed to improve the stability of BNNS and 

polycarboxylate based superplasticizer (PC) is recommended as the surfactant to be added to h-BN 

suspension after ultrasonication. PC could maintain the reduction in absorbance at less than 60% in 

the first 4 hours, which is the typical initial setting time of Portland cement 25. Furthermore, the PC 

showed a higher improvement in hydration flow peak than the GA. The QM calculation confirmed 

the growth of silicate structures on BNNS is energy favoured. The FT-IR spectra also observed the 

formation of more low-connectivity silicate structures in the BNNSs suspended pore solution, 

indicating the nucleation effect of BNNS. Based on the discussions in Section 3.3 and 3.4, the BNNSs 

is found to be one of the most effective reinforcing material for cementitious material. The reinforcing 

mechanisms and reinforcing efficiency of BNNSs in bulk cement are firstly reported here. With only 

about 0.003% addition of BNNSs, the compressive strength and tensile strength of OPC were 

improved by 13% and 8%, respectively. Apart from the nucleation effect and the pore structure 

refinement, observed pull-out of h-BN suggested a plausible crack bridging effect of h-BN and 

chemical bonding between cement and sonicated h-BN which is also supported by QM calculation.  
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5. UV-vis spectra of centrifuged sample 

The dispersion medium was found to have an influence on the generation of small h-BN sheets 

(lateral size < 1 µm 1). UV-vis spectrum measurement was conducted again on the supernatant of the 

centrifuged suspensions to rule out the effect of large h-BN particles. Figure S1a shows the light 

absorbance at 220 nm of the supernatant of each suspension given in Figure 1 after centrifugation. 

The results are consistent with Figure 1 in that the Ref suspension shows a higher ABS than other 

suspensions from 0 to 525 kJ. In Figure S1b, the spectrum of the centrifuged water suspension (Ref 

c) has a peak at 220 nm, which is about 1.8. Compared to Ref nc (about 2.8), the ABS at 220 nm for 

Ref c is reduced by about 40%. The reduction can be a result of the separation of large h-BN particles 

and part of the exfoliated h-BN sheets that have relatively large thickness 2. 



 

 

 

Figure S1 (a): Absorbances at 220 nm of centrifuged suspensions and (b) comparison of the spectra 

of the reference suspension before and after centrifugation. Total energy input was 525 kJ.  

 

6. Absorbance reduction 

Reduction of ABS is used to characterize the stability of BNNSs in the alkaline environment. The 

dispersion stability of BNNSs in pore solution is studied by tracking absorbance reduction (AR) with 

time. The AR is calculated by 
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where ),( tAR  represents the AR at time t  under wavelength  , ),( tABS  represents the 

absorbance of suspensions diluted in pore solution at time t  under wavelength  , and ),( 0 tABSW  

 

 



 

 

represents the absorbance of suspensions diluted in distilled water at time 0t  under wavelength  . 

Based on the Beer-Lambert law 3, the absorbance ratio indicates the percentage of nanosheets 

remaining in suspension.  

7. Modelling of nucleation effect of BNNS 

Table S1 Free energies for deprotonation and dimerization reactions. M indicates a monomer of 

silicic acid and BNNS indicates the boron nitride nanosheet modelled shown in Figure 5e. n 

represents for the deprotonation number of reactant Another reactant for deprotonation reaction is 

hydroxyl ion (OH-). One product of condensation reaction is water. 

Deprotonation Condensation Reference 

Reactants ∆G (kJ/mol) Reactants ∆G (kJ/mol) 

M -61 M, M 0 4
 

M (n=1) 2 M, M (n=1) -28   
M, M (n=2) -53 

BNNS -38 BNNS, M 102 This study 

BNNS (n=1) -110 BNNS (n=1), M -70   
BNNS (n=2), M -116 

 

 

8. Backscattered electron microscopy (BSE) images 



 

 

 

Figure S2 A typical BSE image of BN c (a) without colorbar and (b) with colorbar. Pores with 

different equivalent diameters (dp) are indicated with the colormap. (c) non red green version of (b) 

 

  

 



 

 

 

Figure S3 (a) – (b)Typical BSE images of control sample. Pores with different equivalent diameters 

(dp) are indicated with the colormap (c) – (d) non red-green version of (a) and (b). 

  

  



 

 

 

Figure S4 (a) – (b)Typical BSE images of centrifuged sample (BN c). Pores with different 

equivalent diameters (dp) are indicated with the colormap (c) – (d) non red-green version of (a) and 

(b). 

  

  



 

 

 

Figure S5 (a) – (b)Typical BSE images of non-centrifuged sample (BN nc). Pores with different 

equivalent diameters (dp) are indicated with the colormap (c) – (d) non red-green version of (a) and 

(b). 
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