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Nanomaterials have been applied for the modification of cement-based materials with a low-dosage addition in recent 
years. Graphene oxide (GO) has been studied in many papers for use in cement-based materials with properties of a two-
dimensional sheet-like structure, its extraordinary mechanical properties, high aspect ratio and hydrophilicity. To study the 
effects of graphene oxide on the hydration of tricalcium silicate, the hydration heat, hydration products and micro-structure 
of a C3S–GO hydration system were studied in this paper. The results showed that GO increases the hydration heat by 
promoting the hydration rate of C3S, though the GO could not react with the C3S hydration products (such as the calcium 
hydroxide and C–S–H gel produced by the C3S hydration). It was found that the addition of GO changes the crystallite size 
of the hydration products through observing the SEM image. The GO modified the morphology of the C3S hydration products 
and led to a more compacter structure.

INTRODUCTION

	 Cement-based materials are widely used for the 
infrastructure construction and in various other fields 
and many studies have focused on the performance 
improvement of cement-based materials [1-4]. A hot 
topic about how to make cement-based materials have an 
excellent early work performance, suitable mechanical 
properties and great durability have been brought to 
the public’s attention. In recent years, nanomaterials 
were applied for the modification of cement-based ma-
terials with a low-dosage addition [5-7]. Nano-silica, 
nano-titanium-oxide and nano- calcium carbonate, etc. 
have been the most widely studied ones. Studies have 
shown that nano-improved cement-based materials 
have a better performance, mechanical properties and 
durability when compared without the addition of nano-
materials to cement-based materials. The nanoscale 
effects or pozzolanic reactivity significantly improved 
the hydration process, and then further improved the 
microstructure and mechanical properties of cement-
based materials. 
	 Recently, graphene oxide (GO) with the proper-
ties of a two-dimensional sheet-like structure, extra-
ordinary mechanical properties, high aspect ratio and 

hydrophilicity [8-10] have been used for studies with 
cement-based materials [11-16]. The effects of graphene 
oxide on the performance of cement-based materials 
have been studied by many researchers [11-16]. Studies 
have shown that GO significantly improved the overall 
performance of cement-based materials. Xu et al. [17] 
found that the addition of 0.02 wt. % GO increased the 
compressive strength of 28-day old cement pastes with 
a w/c of 0.35 by 29 %. A study by Newell, et al. [18] 
resulted in significantly improving the compressive 
strength of a cement paste at 28 days and indicated that 
GO was the most advantageous when added in com-
bination with other nanomaterials. Some researchers 
[19-21] have reported that the strength improvement could 
be up to 47 % when a GO dosage between 0.03 wt. % to 
0.05 wt. % is added. Mokhtar et al [22] suggested that 
the pore structure of a cementitious matrix was refined 
with a GO addition. Some researches indicated that the 
strength increase and pore refining effects were mainly 
attributed to the accelerating effect on the cement hy-
dration as it can provide additional nucleation sites, and 
then the formation of the cement hydration products was 
enhanced [23-25]. A high toughness [26] and elastic 
modulus [27] was also reported with GO-added cement-
based materials.

http://www.ceramics-silikaty.cz/
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	 Although the addition of GO has been reported 
to improve the mechanical properties of cement-based 
materials, the influence mechanism has also been studied 
with a cement hydration system. The effects of GO on the 
hydration of C3S (tricalcium silicate, the main mineral 
composition of cement) should also be studied. In this 
paper, the effects of different graphene oxide dosages 
on the hydration of C3S were studied. The heat of the 
hydration analysis, hydration phase composition and 
micro-scale morphology of the GO-added C3S hydration 
system are presented and discussed.

EXPERIMENTAL

Synthesis and characterisation of C3S

	 In this study, C3S was synthesised by the sol-gel 
method. The tricalcium silicate sol was prepared by te-
traethyl orthosilicate (TEOS) and calcium nitrate tetra-

hydrate (Ca(NO3)2∙4H2O) with a Ca/Si ratio of 3:1, and 
the tricalcium silicate sol was pre-sintered for 1  h at 
540 °C. Then, the tricalcium silicate sol was calcined at 
1450 °C in a high-temperature furnace for 12 h. Calcined 
C3S was finely powdered in an agate mortar up to the 
specific surface area of 450 m2∙kg-1. The SEM (scanning 
electron microscopy) image of the C3S is shown in 
Figure 1, while irregular particles can be seen. The XRD 
(X-ray diffraction) spectra results are shown in Figure 2, 
the purity of the C3S following the standard of the card 
No. 49-0442. Table 1 shows the chemical composition 
of the synthesised C3S and an f-CaO content of 0.15 % 
was allowed. The molar ratio of CaO and SiO2 was 
approximately 3.0.

Synthesis and characterisation of C3S

	 Graphene oxide (GO) was provided by the Shanghai 
alighting biochemical technology co., LTD, China. The 
SEM image is shown in Figure 3 and the slice layer of 
the GO can be seen. The TEM (transmission electron 
microscopy) image of the graphene oxide is shown in 
Figure 4. High-intensity ultrasonication was used for 
the slice layer stripping of the graphene oxide for 5 min. 
The TEM image in Figure 4 clearly shows the ultra-thin 
and well-dispersed GO nanosheets. AFM (atomic force 
microscopy) was used to determine the thickness of the 
GO and Figure 5 shows the AFM image of the GO, about 
1.5 nm of the GO sheets are shown, which also indicates 
that the GO nanosheets are well-dispersed. 

Table 1.  Chemical composition of the synthesized C3S (wt. %).

	Sample	 CaO	 SiO2	 f-CaO

	 C3S	 71.82	 25.21	 0.15

Figure 1.  SEM image of the synthesised C3S.

Figure 3.  SEM image of the GO.
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Figure 2.  XRD spectra of the synthesised C3S.
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Mix proportions and sample preparation

	 The mix proportions of the C3S-GO hydration 
system are shown in Table 2. A w/b of 20 was used to 
ensure the good dispersion of the GO and interaction 
with the C3S. GO was ultrasonically dispersedin water 
for 5 minutes before being added into the mixer. The 
GO solution was mixed with the C3S in a pycnometer 
and then cured in a standard chamber (20 °C / 95 % RH 
9 relative humidity)) for 6  h, 12  h, 18  h, 3  d and 7  d 
before the test, a vacuum environment was needed for 
the curing. After curing for a certain amount of time, the 
samples were prepared for the SEM and XRD tests.

Test methods

Heat flow Ccalorimetry
	 A TAM air isothermal calorimeter (Thermometric 
AB, Sweden) was used for the heat flow calorimetry test. 
A w/b of 20 was used in this test as shown in Table 2. 
The GO was ultrasonically dispersed in the mixing water 
for 5 minutes before being added into the mixture. The 
mixes were cast in 5.08 cm × 10.16 m plastic cylinders 
within 3 min after the initial cement and water contact. 
Then, the sample was covered, placed in the calorimeter, 
and recorded every 3 min for 48 h at 25 °C.

Figure 4.  TEM images of the GO.
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Figure 5.  AFM image of the GO.

Table 2.  Mix proportions of the C3S-GO samples.

Samples	 w/b	 C3S (wt. %)	 GO (wt. %)

Control	 20	 100	 ‒
GO0.1	 20	 99.9	 0.1
GO0.2	 20	 99.8	 0.2
GO0.3	 20	 99.7	 0.3
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X-Ray diffraction
	 The hydration phase of the C3S-GO system was 
studied by X-ray diffraction (XRD, Bruker D8 Advance, 
Germany). Alcohol was used to terminate the hydration. 
The samples were vacuum oven-dried at 45 °C for 48 h 
and then ground into a powder smaller than 75  μm. 
Cu-Ka radiation was applied at a voltage of 40 kV and 
an accelerating current of 40 mA. A scan speed of 0.5 sec/
step and an increment of 0.02° was used.

Morphology and microstructure
characterisation

	 Scanning electron microscopy (SEM) was used to 
observe the effects of the GO on the hydration products. 
The hydration process in the samples were terminated 
by alcohol and then vacuum oven-dried at 45  °C for 
48 h before testing. The samples were made conducti-
ve by coating a gold film 20 nm thick to ensure better 
conductivity.

RESULTS AND DISCUSSIONS

Heat flow calorimetry of C3S-GO
hydration system

	 The heat flow of the C3S hydration system with 
the GO is shown in Figure 6. It was demonstrated that 
the addition of GO increases both the hydration peak 
flow and the hydration rate. The hydration heat release 
of the samples with the GO addition was higher than 
that of the control sample. The promoting effects were 
due to the extra hydrate nucleation sites proved by the 
GO. GO retards the occurrence of the hydration heat 
flow peak when compared to the control samples, which 
might be due to fact that the hydration was promoted 
and more hydration products were formed, it might 
coat the surface of unhydrated particles and hinder the 
hydration of unhydrated particles. With the increase in 
the added dosage of GO, the heat flow peak showed 

a backward migration. A study by Lu et al. [25] showed 
the same improvement in the dissolution and hydration 
of the cement into water. As reported by Zhang et al. 
[28], the rapid nucleation and growth of the hydrates 
were revealed in the acceleration period (the second heat 
peak). At any time in the acceleration period, Cheung 
et al. [29] suggested that the maximum heat flow peak 
in the acceleration period was associated with the 
number of hydrate nucleation sites. It is known that the 
incorporation of GO improved the hydration rate with 
the heat flow of the hydration. The acceleration effects 
of the GO were attributed to the nucleation effect of the 
nanoscale GO.
	 Figure 7 shows the cumulative heat of the C3S hy-
dration system, the obvious higher heat was shown in 
the GO-added samples when compared to the control 
samples. It also confirmed that the addition of GO could 
promote the hydration of C3S. These results also revealed 
that more hydration products were formed as more heat 
was produced with the GO-added hydration system. 
The study by Lu et al. [25] researched the chemical 
interaction between the GO and cement and detected 
the newly generated hydration product of Ca(HCOO)2, 
which indicated that the Ca(OH)2 produced by hydration 
of C3S could be consumed by the GO, and more hydration 
products were formed at an early age. This was the same 
with the results of the C3S-GO hydration system. It could 
also be seen that the GO0.2 samples showed the highest 
heat. However, the GO0.3 samples showed lower heat 
than the GO0.2 samples, the agglomeration of the GO 
particles with the large dosage amount added might have 
contributed to these results, as the promoting effects 
were reduced.

Hydration products of C3S-GO

	 The X-ray diffraction hydration products of C3S 
with the different added GO dosages are shown in 
Figures 8 and 9. Figure 8 shows the XRD spectra with 
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Figure 6.  Heat flow of the C3S hydration as a function of time.

100 30 40

40302010

5020

N
or

m
al

iz
ed

 h
ea

t (
J 

g-1
)

Hydration time (h)

C
GO 0.1
GO 0.2
GO 0.3

5

15

0

10

20

25

30

Figure 7.  Cumulative heat of hydration of the C3S-GO system.
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a hydration time of 12 h, it can be seen that the higher 
intensity peak of the portlandite between 15° to 20° is 
shown by the 0.1 % GO samples when compared to the 
control samples, which indicated that the GO promoted 
the hydration of C3S and this result was consistent with 
the rate of the C3S hydration result in Figures 6 and 7. 
When the GO added dosage increased to 0.2  % and 
0.3  %, the intensity of the portlandite decreased, this 
might be due to the poor dispersion of the GO was a 
result of the higher added dosage. Some researchers [30] 
suggested that amorphous CH or grain-refined CH is 
highly cemented with other hydration products in a GO 
added hydration system when compared to crystalline 
CH with a better crystal shape and the GO might modify 
the crystalline size of the CH.
	 Figure 9 shows the XRD spectra of C3S at a hydra-
tion of 7  d, a higher CH content could be seen in the 
samples with the GO addition, which increased with the 
GO-added dosage. The promoting effects of GO and 
modified CH crystalline size might have contributed 
to this result. The same results were also shown in the 
Qureshi et al [31] study at the curing age of 7 days of 
a cement hydration system. Meanwhile, the shift of the 
CH angle is shown in Figure 9, which indicated that the 
effects of the GO on the C3S hydration were not only in 
promoting the hydration. The same shift in the CH peak 
with the added GO was shown in the study of Wang et al 
[30].

Morphology and microstructure
characterisation

	 The microstructure of the C3S hydration system 
with the different times (6  h, 18  h, 3  d and 7  d) and 
GO-added dosages (0.1  %, 0.2  %, 0.3  %) is shown in 
Figures 10, 11 and 12. From the hydration process of C3S 

in Figure 10, it can be seen that the surface of the C3S 
particles was covered by a layer of gelatinous hydration 
products and some of the particles grow needle-like 
hydration products of C‒S‒H gel after 6 h of hydration. 
Higher density hydration products were shown by 
the GO0.1 and GO0.2 samples, which was due to the 
fact that GO improved the dissolution and reaction of 
the C3S in the water solution. More hydration products 
were formed and they showed a more compact structure 
around the C3S particle. The GO0.3 samples showed a 
similar structure compactness to control samples, the 
poor dispersion of the GO and large amount of GO that 
took up the C3S hydration space might have contributed 
to this result which was consistent with the XRD results 
in Figure 8.
	 When the hydration time increased to 18  h, the 
most compact structure was also shown by the GO0.1 
and GO0.2 samples. Meanwhile, the small size hydration 
products were shown in the GO-C3S hydration system 
when compared to the control samples. The arrangement 
and accumulation of smaller size hydration products led 
to a denser micro-structure. An obvious layer structure 
was found when the hydration time increased to 7 days, 
and a better structure was shown by the GO0.1 and 
GO0.2 samples. The needle-like hydration products were 
connected and the structure was more compact than the 
hydration time of 6 h and 18 h.

CONCLUSIONS

	 In this study, the effects of graphene oxide on the hy-
dration of C3S were studied through the hydration heat, 
hydration products and microstructure with 0.1  wt.  %, 
0.2  wt.  % and 0.3  wt.  % added GO dosages. The key 
findings are summarised as follows:
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Figure 8.  XRD spectra of the C3S at a hydration of 12 h with 
different GO dosage additions.

Figure 9.  XRD spectra of the C3S at a hydration of 7 d with 
different GO dosage additions.
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Figure 10.  SEM images of the C3S hydrated for 6 h with different GO dosage additions: a) Control; b) 0.1 wt. % GO; c) 0.2 wt. % 
GO; d) 0.3 wt. % GO.

a)

c)

b)

d)

a) b)
Figure 11.  SEM images of the C3S hydrated for 18 h with different GO dosage additions: a) Control; b) 0.1 wt. % GO.
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Figure 11.  SEM images of the C3S hydrated for 18 h with different GO dosage additions: c) 0.2 wt. % GO; d) 0.3 wt. % GO.

c) d)

Figure 12.  SEM images of the C3S hydrated for 7 d with different GO dosage additions: a) Control; b) 0.1 wt. % GO; c) 0.2 wt. % 
GO; d) 0.3 wt. % GO.
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●	GO could accelerate the hydration of C3S and promote 
the hydration rate, though the GO could not react with 
the C3S hydration products and only modified the 
hydration process. 

●	The addition of GO changed the crystalline size of 
the CH produced by the C3S hydration and promoted 
effects of the GO caused more CH to be formed.

●	The GO modified the morphology of the C3S hydration 
products and led to a more compact structure when 
compared to the control samples. A suitable added 
dosage of GO is needed as the GO particles might 
become agglomerated at a large dosage amount and 
the improvement will be cut down.
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