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ABSTRACT
In-situ 2D nanocarbon/calcium aluminate composite (NCAC) was synthesized via a combustion 
method designed based on aluminothermic reduction using calcium carbonate (CaCO3) as 
carbon source. The results demonstrate that compared with the pristine product, when the 
molar substitution rate of CaCO3 for CaO2 in the reactants was 25%, the contents of CaAl2O4 
(CA), CaAl4O7 (CA2) and Ca12Al14O33 (C12A7) in the combusted product did not change sub
stantially and were close to those of Secar71. When the molar substitution rate was increased 
to 50%, the contents of CA and CA2 decreased, and that of C12A7 increased substantially. 
Interestingly, the nanocarbons generated in-situ in the combusted composite were embedded 
in calcium aluminate and had a nanoflake morphology (2D) with a thickness of approximately 
50 nm, few defects and high graphitization degree. The results of the suspension experiment 
demonstrate that the floating ratio of NCAC in the suspension after ultrasonic vibration for 
10 min was approximately 5.5 wt.%, which is much lower than that (78.8 wt.%) of a carbon 
black/Secar71 composite powder; thus, the in-situ 2D nanocarbon/aluminate composite had 
strengthened interfacial bonds and satisfactory separation resistance. These would be favor
able for the uniform dispersion of nanocarbons within the matrix, improving the performance 
of cement-based composites.
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1. Introduction

Due to their satisfactory electrical and thermal 
conductivities and high strength, nanocarbon (car
bon nanotubes (CNTs), nanofiber (CNF) and gra
phene) modified cement-based composite 
materials (NMCs) are considered among the most 
promising candidates for civil engineering applica
tions, such as structural monitoring and electro
magnetic wave shielding [1–7]. However, one of 
the largest obstacles that restricts the practical 
application of these materials is the poor disper
sion and low separation resistance of nanocarbons 
in the matrix due to their hydrophobic character
istics, large specific surface area and weak interfa
cial bonds [8,9].

In recent decades, physical methods (ultrasonica
tion and ball milling), chemical methods (dispersants 
and chemical surface treatment) and combinations of 
physical and chemical methods have been utilized to 
improve the dispersion of nanocarbons in cement- 
based composites [10–16]. Although highly satisfac
tory results were obtained via these methods, many 
problems were encountered, such as deterioration of 
the microstructure and functionality of the nanocar
bons, incompatibility with cement [10,17,18], influence 
of the cement hydration [6,19] and long time and high 

energy requirements [10]. These factors hinder the 
development and application of NMCs.

Recently, researchers proposed methods of in-situ 
growth of CNTs/CNFs on cement/mineral/silica fume 
particles via chemical vapor deposition (CVD) to 
improve the dispersion of nanocarbons in NMCs [20– 
23]. For example, Nasibulin et al. used the CVD method 
to grow CNTs and CNFs in-situ on sulfate-resistant 
cement and found that a hardened paste that was 
made from in-situ CNTs/CNFs cement had more than 
two times the compressive strength of pristine cement 
paste and showed a 70-fold increase in electrical con
ductivity [24]. Ludvig et al. report that CNTs/CNFs were 
grown in-situ on the surfaces of cement clickers and 
silica fume via the CVD method. Compared with pris
tine cement mortar, the tensile strength, flexural 
strength and compressive strength of cement mortar 
with the addition of in-situ CNTs/CNFs-cement clicker/ 
silica fume were increased by 34.28%, 14.1% and 
88.3%, respectively [22,25].

The methods for the in-situ growth of nanocarbons 
on the surfaces of cement//mineral/silica fume parti
cles via CVD have advantages in maintaining the struc
tural integrity of nanocarbons and improving 
interfacial bonds and are considered among the most 
suitable processes for improving the dispersion of 
nanocarbons in NMCs. However, these methods 
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require flammable and explosive gases (such as CH4 

and H2), which escalates the risk factors that are asso
ciated with the process. Additionally, due to the accu
mulation of the particles during the CVD process, the 
in-situ nanocarbons can only grow on the surfaces of 
the accumulations, which results in inhomogeneous 
growth of the in-situ nanocarbons in the powders. 
Development of more effective dispersion technolo
gies is still attractive.

Herein, we present the synthesis of an in-situ nano
carbon/calcium aluminate composite (NCAC) via 
a combustion method that was designed based on 
a thermite reaction in which carbonate is used as 
a carbon source. In contrast to the CVD process, 
which consumes flammable and explosive gases 
directly, CO2 gas that originates from the decomposi
tion of carbonate during the process of combustion 
synthesis acts as a carbon source for the formation of 
in-situ nanocarbons. The combustion method has 
been applied to the synthesis of aluminate cement 
[26–31] and nanocarbon materials [32,33]. Therefore, 
the synthesis of in-situ nanocarbon/aluminate compo
sites via the combustion method is feasible.

In the present study, NCAC was synthesized via 
a combustion method with calcium carbonate 
(CaCO3) as the carbon source and aluminum (Al), alu
mina (Al2O3) and calcium peroxide (CaO2) as raw mate
rials. The separation resistance of the synthesized in- 
situ nanocarbon/aluminate composite in water was 
evaluated.

2. Experimental

As raw materials, calcium peroxide powder (CaO2, par
ticle size <25 µm), calcium carbonate powder (CaCO3, 
particle size <25 µm), aluminum powder (Al, particle 
size 2~3 µm) and alumina powder (Al2O3, particle size 

<74 µm) of analytical purity were purchased from 
Sinopharm Chemical Reagent (Shanghai) Co. Ltd. 
A previous study reported that the phase compositions 
of the combusted product were equal to those of 
commercial Secar71 when the molar ratio of CaO/Al2 

O3 (C/A) in the ratio of raw materials CaO2, Al and Al2O3 

was 0.8 [30]. Therefore, aiming at the combustion 
synthesis of in-situ nanocarbon/aluminate composites 
with similar phase compositions to commercial 
Secar71, the C/A molar ratio was fixed at 0.8 in the 
present study, and CaCO3 was used as a carbon and 
calcium source to partially replace CaO2. The consid
ered reaction can be expressed by Equation (1). The 
r value is the molar substitution coefficient of CaCO3 

for CaO2. 

ð1� rÞCaO2 þ rCaCO3 þ 0:66ð1þrÞAl
þ ð0:87 � 0:33rÞAl2O3
¼ 0:75CaAl2O4 þ 0:25CaAl4O7þrC (1) 

The starting reactants were weighed according to 
Table 1 and mixed in a ball mill for 40 min. The well- 
mixed reactants were then placed in a quartz crucible, 
and buried with a Ti-C powder at a molar ratio of 1:1. 
After that, the quartz crucible was placed in 
a combustion synthesis reactor. The combustion reac
tion was ignited with the Ti-C powder and proceeded 
in an argon atmosphere at a pressure of 0.1 MPa. 
A schematic diagram of the combustion synthesis of 
NCAC is shown in Figure 1.

Table 1. Raw material ratios and substitution coefficients (r).
Samples r Mass fraction (wt.%)

CaCO3 CaO2 Al2O3 Al
CA-0.8–0.00 0.00 0.00 39.24 50.95 9.81
CA-0.8–0.25 0.25 13.40 28.95 45.58 12.06
CA-0.8–0.50 0.50 26.39 19.00 40.37 14.25

Figure 1. A schematic diagram of the combustion synthesis of NCAC.
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The phase of the combusted product was identified 
via X-ray diffraction (XRD, D/MAX 2400, Japan) with Cu 
K radiation (λ = 1.5406 Å) at a scanning speed of 5°/ 
min. The morphologies were observed with a field- 
emission scanning electron microscope that was 
equipped with an energy-dispersive spectrometer 
(FESEM-EDS, SU6600, Japan). The nanocarbon that 
was generated in-situ in the product was characterized 
via Raman spectroscopy (Renishaw-Invia), high- 
resolution transmission electron microscopy (HRTEM, 
FEI Tecnai G2 F20, USA) and infrared carbon-sulfur 
analysis (HCS-140).

Based on a suspension method that is described in 
the literature [34–36], the separation resistance of the 
in-situ nanocarbon/aluminate composite in water was 
evaluated. Twenty grams of the synthesized composite 
powder and 200 ml deionized water were placed in 
a beaker and ultrasonically vibrated for 10 min. 
A photograph of the suspension after being set aside 
for 30 min was captured. The floating materials were 
separated from the suspension and dried in a vacuum 
oven at 80°C for 12 h. The floating ratio (FR, wt.%) was 

calculated according to Equation (2). A lower FR value 
corresponds to a higher separation resistance. For 
comparison, a suspension of a carbon black/Secar71 
composite powder (which was prepared by mechani
cally mixing carbon black with Secar71 and labeled 
S71CB) was also prepared and tested according to 
the above method. 

FRð%Þ ¼
FW
OW
� 100% (2) 

where FR (%) denotes the floating ratio, FW denotes 
the weight of the floating materials (g) and OW 
denotes the weight of the original carbon in the com
posite (g).

3. Results and discussion

3.1. Characterizations of NCAC

Figure 2(a) shows the full XRD patterns of the com
busted products, according to which the products 
were composed of mayenite (Ca12Al14O33, C12A7), 
monocalcium aluminate (CaAl2O4, CA) and calcium 

Figure 2. (a) Full XRD patterns of the synthesized composites. (b) Local amplification of XRD patterns.
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dialuminate (CaAl4O7, CA2). According to the local 
amplifications of the XRD patterns, as shown in 
Figure 2(b), when the molar substitution rate of CaO2 

by CaCO3 was 25%, the main characteristic peaks at 
30.140°, 25.407° and 33.425°, which correspond to CA, 
CA2 and C12A7, respectively, were similar to those of 
the C/A-0.8–0.00 sample; thus, the contents of CA, CA2 

and C12A7 in the C/A-0.8–0.25 sample did not vary 
substantially. These results are supported by quantita
tive results for the components that were obtained 
using the XRD-Rietveld method, which are presented 
in Table 2. In addition, the phase compositions of the 
C/A-0.8–0.25 sample were close to those of Secar71. 
When the molar substitution rate of CaCO3 was 
increased to 50%, the main characteristic peaks of CA 
and CA2 in the XRD pattern of the CA-0.8–0.50 sample 
decreased, those of C12A7 substantially increased, and 
the characteristic peaks of the residual Al2O3 appeared. 
The contents of CA and CA2 in the CA-0.8–0.5 sample 
decreased to 54.45 wt.% and 8.78 wt.%, respectively, 
and that of C12A7 increased to 24.56 wt.%.

The adiabatic temperatures (Tad) of the CaO2-Al-Al2 

O3-CaCO3 system for the combustion synthesis of 
NCAC were calculated based on thermodynamic data 
from the literature [37,38], and the results are pre
sented in Figure 3. As the molar substitution rate of 
CaCO3 for CaO2 increased from 0% to 50%, the Tad 

values decreased from 2895 to 1855 K. The combustion 
temperatures showed a similar variation trend. These 
effects were adverse for the transformation of C12A7 

(which was usually generated first as a metastable 

phase) into CA and CA2 [31,39]. Therefore, the contents 
of CA and CA2 in the combusted product decreased 
with the molar substitution of CaCO3 for CaO2, whereas 
that of C12A7 increased.

In contrast to the pristine product, the products that 
were synthesized with CaCO3 as a reactant were black. 
Therefore, Raman spectroscopy, which is an effective 
technology for characterizing carbon materials, was 
used to characterize the combusted products, and 
the results are presented in Figure 4. In contrast to 
the spectrum of CA-0.8–0.00, in the CA-0.8–0.25 and 
CA-0.8–0.50 spectra, three distinct bands are observed 
at 1350 cm−1, 1580 cm−1, and 2700 cm−1, which are 
ascribed to the D, G, and 2D bands, respectively, of 
carbon materials. The D band at approximately 
1350 cm−1, of which the intensity increased as the 
graphitization degree of the carbon material 
decreased, is associated with defects. The G band, 
located at approximately 1580 cm−1, is a typical feature 
of all graphitic materials. The band at approximately 
2700 cm−1 (2D) can be used to evaluate the number of 
layers of few-layer graphene [40]. The ratio of the 
intensities of the D and G bands (ID/IG) can be used 
as an indicator of the graphitization degree of the 
carbon materials, where a smaller ID/IG value indicates 
higher graphitic ordering [41]. The ID/IG values of the 
CA-0.8–0.25 and CA-0.8–0.50 spectra were calculated 
and are listed in Table 3. The ID/IG values were approxi
mately 0.28 and 0.31, respectively. These results 
demonstrate that carbon materials of high graphitiza
tion degree were generated in-situ in the CA-0.8–0.25 
and CA-0.8–0.50 samples. Their carbon contents were 
0.86 wt.% and 1.27 wt.%, respectively.

The fracture surfaces of the CA-0.8–0.25 and CA- 
0.8–0.00 samples were observed via FESEM, and the 
results are shown in Figure 5. Figure 5(a) shows that 
many pore structures with various diameters appeared 
in the CA-0.8–0.25 sample due to the generation of 
gases during the process of combustion synthesis. 

Table 2. Relative contents of CA, CA2 and C12A7 in the com
bustion product.

Samples Contents (wt.%)
CA CA2 C12A7

CA-0.8–0.00 62.55 33.40 0.68
CA-0.8–0.25 61.82 34.94 0.45
CA-0.8–0.50 54.45 8.78 24.56
Secar71 60.25 35.45 0.5

Figure 3. The adiabatic temperatures (Tad) of the CaO2-Al-Al2O3-CaCO3 system.
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Figure 5(b), which corresponds to the red hole in 
Figure 5(a), shows that the microstructure of the CA- 
0.8–0.25 sample contains cubic and prismatic grains 
and is similar to that of the CA-0.8–0.00 sample (as 
shown in Figure 5(c)). From the relevant EDS and XRD 
results, it is inferred that “A”, which represents the 
cuboid morphology with a molar ratio of Ca, Al, and 
O of approximately 1:2:4, was a CA grain and “B”, which 
represents the prism morphology with a molar ratio of 
approximately 1:4:7, was a CA2 grain. The microstruc
ture was further examined by enlarging the blue 
square in Figure 5(a), and the results are shown in 
Figure 5(d). Interestingly, many nanoflakes are 
observed in the product. Enlarging the yellow square 
in Figure 5(d), Figure 5(e) clearly shows that nanoflakes 
with a thickness of approximately 50 nm were 
embedded in calcium aluminates. Based on the EDS 
results (as shown in Table 4) of the green square area in 
Figure 5(e), it is inferred that the nanoflakes were 
carbon materials, with similar morphologies to those 
reported in the literature [32,33].

To better characterize the nanocarbons that were 
generated in-situ in the combusted product, the CA- 
0.8–0.25 sample was further examined via HRTEM, and 
the results are shown in Figure 6. Figure 6(b), which 
corresponds to the red square in Figure 6(a), implies 
that the nanoflakes that are embedded in the calcium 
aluminate have a clear graphitic layer with an interpla
nar spacing of 0.339 nm, which corresponds well with 
the (002) plane of graphite; thus, the in-situ 2D nano
carbon that is generated in the combusted composite 

has a high graphitization degree. In addition, the inter
facial bond between the in-situ nanocarbon and alu
minate was strengthened.

3.2. Separation resistance of NCAC

The C/A-0.8–0.25 sample, which was similar in phase 
composition to Secar71, was ground into a powder 
and is denoted as NCAC. The specific surface areas of 
NCAC and S71CB, as determined via the BET method, 
were approximately 402 m2/kg and 392 m2/kg, respec
tively. The separation resistances of NCAC and S71CB 
in water were evaluated according to the suspension 
method. For the S71CB suspension, the weight of float
ing materials in the suspension was increased with 
ultrasonic time. When the S71CB suspension was ultra
sonically vibrated for 10 min, the weight of floating 
materials in the S71CB suspension after being set aside 
for 30 min was maximum, and the results are pre
sented in Figure 7.

According to Figure 7(a), many black materials were 
floating on the S71CB suspension after the sample was 
ultrasonically vibrated for 10 min and set aside for 
30 min, whereas this phenomenon was not readily 
observed in the NCAC suspension, as shown in Figure 
7(b). The floating ratios (FR, %) of the two suspensions 
are presented in Figure 7(c). The FR value of the NCAC 
suspension was approximately 5.5%, which is substan
tially lower than that (78.8%) of the S71CB suspension, 
thence, the separation resistance of NCAC was higher 
than that of S71CB. These results can be attributed to 
the strengthened interfacial bonds of the in-situ 2D 
nanocarbons that are embedded in calcium aluminate 
and to the nanocarbons being surrounded by hydro
philic species (AH3, CAH10, C2 

AH8 and C3AH6) from the hydration of calcium alumi
nates, thereby preventing the separation of the nano
carbons from the matrix.

Figure 4. Raman patterns of the combusted products.

Table 3. In-situ nanocarbon contents and IG/ID ratios of the 
products.

Samples Carbon contents (wt.%) ID/IG ratio
CA-0.8–0.00 0.00 -
CA-0.8–0.25 0.86 0.28
CA-0.8–0.50 1.27 0.31
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The dispersion state of the nanocarbons within the 
matrix directly affects the mechanical properties and 
functional properties of NMCs [8,9]. Usually, nanocarbon 

materials were separated from the matrix due to their 
low density and weak interfacial bonding during the 
preparation of NMCs, thereby resulting in poor disper
sion in the NMCs. Thus, the satisfactory separation resis
tance of the in-situ nanocarbon/aluminate composite 
would improve the dispersion of nanocarbons in the 
matrix, thereby producing cement-based composite 
materials with high performance. Furthermore, the 
mechanical and functional properties of NMCs with 
NCAC as a binder are currently being investigated.

Figure 5. FESEM images of the combustion products. (a, b, d, e) r = 0.25; (c) r = 0.00.

Table 4. The EDS results of A, B and C areas in Figure 5.
Points Wt.% At. %

C O Al Ca C O Al Ca
A / 23.86 44.38 31.76 / 37.97 41.86 20.17
B / 40.03 43.61 16.36 / 55.27 35.71 09.02
C 44.54 07.71 25.80 17.18 66.23 08.60 17.08 07.66

Figure 6. (a) TEM image of the sample CA-0.8–0.25; (b) HRTEM image of the sample CA-0.8–0.25.
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4. Conclusions

An in-situ 2D nanocarbon/calcium aluminate compo
site with a similar phase composition to commercial 
Secar71 was successfully prepared via a combustion 
method by adjusting the molar substitution ratio of 
CaCO3 for CaO2 in the raw reactants. The 2D nanocar
bons that were generated in-situ in the combusted 
product had a thickness of approximately 50 nm, few 
defects and a high graphitization degree and were 
embedded in aluminates. The low floating ratio of 
NCAC in the suspension implied that the in-situ 2D 
nanocarbon/calcium aluminate composite had 
increased separation resistance, which would be favor
able for the uniform dispersion of nanocarbons in 
NMCs and would enhance their properties. These 
results suggest that the synthesis of in-situ nanocar
bon/calcium aluminate composites via this combus
tion method would be an effective and promising 
approach for the preparation of nanocarbon-modified 
cement-based composites.
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