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Abstract

With the merits of high quality, cost-effectiveness, and high yield efficiency, flash
Joule heating (FJH) emerges as an efficient means for mass production of flash
graphene (FG). It creates prerequisites for the large-scale application of graphene in
reinforcing cementitious composites, thus opening innovative possibilities for curbing
carbon emissions and fostering the sustainable evolution of cementitious composites.
In this study, two types of FGs, including high-purity FG (FG-G) and conductive FG
(FG-D), are successfully synthesized via FJH process using carbon black as the carbon
source. FG-G features a low Ip/lg of 0.52, and exhibits higher graphitization and
structural orderliness with fewer defects compared to the FG-D. The addition of 0.25
wt.% FG-D increases the compressive strength, flexural strength, and flexural ultimate
strain of cementitious composites by 16.48 MPa/16.8%, 1.43 MPa/37.2%, and nearly
2600 pe/550%, respectively. The microstructure characterization results reveal that FG
reduces the matrix defects, enhances both the matrix microstructure and calcium silicate
hydrate gel nanostructure, which is advantageous for matrix refinement, inhibition of
microcrack aggregation and propagation, and load transfer efficiency. Its disorderly
stacked turbine structure also contributes to robust interface bonding and friction with
cement matrix, thus facilitating the strengthening and toughening of cementitious
composites. This study introduces a potential avenue to develop widely applicable and
versatile cementitious composites with high performance and low CO, emission by
using small graphene as reinforcement.

Keywords: Flash graphene; Synthesis; Cementitious composites; Properties;
Microstructure

1. Introduction

Graphene with superior mechanical, thermal and electrical properties [1, 2], is
regarded as a revolutionary material for the future, and has gained significant attention
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across diverse fields such as materials science [3], energy [4], biomedicine [5], etc. It
has excellent strength and toughness, with a theoretical Young's modulus of up to 1.0
TPa, an inherent tensile strength of 130 GPa [6], a thermal conductivity of 5300 W/mK
[7], a room-temperature carrier mobility of approximately 15000 cm?/(V-s) [8], and a
theoretical specific surface area of 2630 m?/g. Because of its favorable compatibility
with cementitious composites, graphene also holds significant promise in the field of
civil engineering materials. As a potential reinforcement, graphene offers novel
solutions to address the brittleness and low stability of traditional cementitious
composites, particularly in complex and extreme service environments [9-13].

Some studies have explored adding graphene as a modifying nanomaterial into
cementitious composites to tailor their mechanical, durability, and functional properties
[14, 15]. Gong et al. [16] found that graphene oxide (GO) improved the hydration
degree and reduced porosity of cement pastes, thereby enhancing the compressive and
tensile strength of 0.03 wt.% GO reinforced cement pastes by 46% and 50%. Han et al.
[17] identified that multi-layer graphene (MLG) as an effective nanofiller, could form
a widely distributed network in cement matrix and exhibit self-curing ability through
water absorption and release of MLG. The maximum increase of 54% in compressive
strength and 21% in flexural strength of cementitious composites could be achieved by
incorporating 2 vol.% and 1 vol.% MLG, respectively. According to the research of
Dong et al. [18], the filling and nucleation effects of graphene improved the micro/nano
structure of cementitious composites, i.e., reducing matrix porosity, inhibiting cracks
extension through bridging and pulling out effects, and increasing the polymerization
degree of calcium silicate hydrate (C-S-H) gels. A maximum increase of 44% in
compressive strength, 39% in flexural strength, and 30% in flexural modulus of
cementitious composites was achieved by the modification of graphene. In addition,
Hong et al. [19] concluded that incorporating a small amount of GO into lightweight
high-performance concrete improved its workability and increased its compressive
strength, split tensile strength, elasticity modulus, and flexural strength by 24%, 17%,
15%, and 20%, respectively. Rezakhani et al. [20] found that doping 0.1 wt.% GO not
only increased the compressive strength of concrete with 50 wt.% ground granulated
blast furnace slag (GGBFS) by 40% and flexural strength by 60%, but also reduced its
chloride permeability by 70%. This indicated the clear benefits of introducing GO for
improving the durability and corrosion performance of GGBFS concrete. Additionally,
Sun et al. [21] revealed that cementitious composites filled with MLG exhibited a good
electrical property and a sensitive piezoresistive effect, as well as desirable
electromagnetic shielding/absorption capabilities, which were about 1.6 times/7 times
more than the plain cementitious composite. Dimov et al. [22] also demonstrated that
the electrical and thermal properties of graphene modified concrete were improved, and
surprisingly, its water permeability was reduced by nearly 400% compared to ordinary
concrete.

The modification effects of graphene on cementitious composites are closely
linked to its inherent quality and performance. The incorporation of high-quality
graphene can also reduce the amount of cement without compromising the properties
of cementitious composites, thereby contributing to a decrease in carbon emissions. It
has been reported that the doping of 0.03 wt.% graphene in cementitious composites
results in a substantial 25-33% reduction in carbon footprint [22-24]. However, the
complex and costly process of preparing high-quality graphene poses challenges for the
large-scale fabrication of graphene reinforced cementitious composites. Economically,
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environmentally friendly and efficient preparation of high-quality graphene stands as a
pivotal issue in current research. The commonly used methods for graphene production
can be divided into top-down and bottom-up approaches [25, 26]. Top-down
approaches such as mechanical exfoliation are commonly employed for large-scale
graphene production. However, they often involve extensive solvent consumption and
complex treatment processes, which may introduce defects into graphene and lead to
quality degradation [27, 28]. While bottom-up methods such as chemical vapor
deposition can produce high-quality graphene, their high energy consumption, high cost,
and low yield hinder the mass production of graphene [29, 30].

The emergence of flash Joule heating (FJH) method provides an innovative
approach for graphene synthesis with high yield and cost-effectiveness. FJH rapidly
converts electrical energy into high-density thermal energy (heating to a temperature of
3000 K within 100 milliseconds), thus creating an instantaneous high-temperature and
high-pressure local environment that enables the synthesis of graphene within
milliseconds [31-33]. In a groundbreaking study in 2020, Luong et al. achieved a gram-
scale synthesis of graphene through FJH processing using carbon black (CB) as a
carbon source, named flash graphene (FG) [34]. Gram-scale FG can be also produced
within a second by FJH using affordable carbon sources like coal, biomass, and CB.
Zhu et al. [35, 36] found that biochar with appropriate resistance was self-sufficient to
initiate the FJH reaction, thereby exhibiting low carbon emission. Dong et al. [37] used
FJH technology to manufacture defective graphene within one millisecond for
improving lithium-ion storage capacity. Besides, FG yield of CB and calcined coke can
reach 80-90%, with relatively low preparation costs and energy requirements (being
only 7.2-9.2 kJ per gram and an electricity cost of about 0.01 CNY) [34, 38]. Moreover,
the 2D hexagonal lattices of FG with a turbine structure are stacked in a rotating
disordered manner, which can reduce van der Waals force and foster their homogeneous
and stable dispersion within solution [31, 32, 39] and strong bonding with cementitious
composites. Consequently, the employment of FG into cementitious composites can
facilitate the upcycling of CB from industrial waste, enhance the performance of
cementitious composites, and reduce the carbon footprint, thus promoting sustainable
development of building materials.

In this study, two types of FGs, including high-purity FG (FG-G) and conductive
FG (FG-D), were produced using FJH with CB as the carbon source. The mechanical
properties of FG reinforced cement pastes were then investigated, as well as the
underlying reinforcement mechanism of FG through analyzing the microstructure of the
composites. The electrical property and electrical microstructure of FG reinforced
cement pastes was also studied and analyzed through alternating current
electrochemical impedance spectroscopy (AC-EIS).

2. Materials and methods
2.1 Materials

CB served as the carbon source for FG synthesis, and boric acid was also used for
the synthesis of FG-D. Ordinary Portland cement (P-O 42.5R), fly ash, silica fume as
well as superplasticizer were employed to fabricate FG reinforced cement pastes. The
P-O 42.5R cement were provided by Dalian Onoda Cement Co., Ltd. Their chemical
composition and mineral composition of cement clinker are shown in Table 1. Fly ash
(grade 1) and silica fume (920D type) were respectively produced by Dalian Huaneng
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Power Plant and Shanghai Elkem International Trade Co., Ltd. in China. The SiO,
content, average particle size, bulk density, density and specific surface area of silica
fume used in the experiment are 94.2%, 150 nm, 372 kg/m3, 2.2-2.3 g/cm? and 15-30
m?/g, respectively. Besides, the study adopted 3310E type polycarboxylate acid
superplasticizer with a water reduction efficiency of about 30% and a solid content of
approximately 45%.

Table 1. Chemical composition and mineral composition of P-O 42.5R cement

SlOz A1203 F€203 CaO MgO SO3 Na20
Chemical composition (%)

21.45 5.24 2.89 61.13 2.08 2.05 0.77

CsS C.S CA C4AF
Mineral composition (%)

46.62 26.32 8.99 8.78

2.2 Synthesis and preparation process
2.2.1 Synthesis of FG

FG-G/FG-D were synthesized by FJH reactor (Saine, FJH-2023A) using CB/CB-
boric acid as precursors, respectively. The FJH system and their synthesis process are
illustrated in Figs. 1(a)—(c). FJH reactor comprises a control module, a vacuum reaction
module and a data acquisition module, as illustrated in Fig. 1(a). It has a capacitance
capacity of 90 mF and a voltage range of 0—300 V. The preparation process of FG-G is
outlined as follows: 1) Weighed 0.1 g of CB and placed it inside a quartz tube (with a
length of 70 mm and an inner diameter of 8 mm). 2) Installed graphite plugs at both
ends of the quartz tube to form a relatively closed reaction environment. 3) Placed two
reaction racks at both ends of the quartz tube, and slightly compressed the CB with
electrodes to maintain a resistance of 1 Q, as shown in Fig. 1(d). 4) Vacuumed the
chamber to -0.09 MPa and set the voltage to 190 V for FJH processing. The high-
voltage discharge of the capacitor elevated the temperature of CB to 3000 K under 100
ms (The temperature was measured by an infrared temperature probe 1 cm away from
the quartz tube). This high energy input and rapid cooling effectively graphitized and
converted the amorphous carbon into turbine FG [40]. Figs. 1(e) and () depict the flash
moment during and after the FJH process, respectively. 5) After the FJH process, the
newly formed FG could be used by simply grinding with a mortar.

Besides, the only difference in the preparation of FG-D compared to FG-G is that
boric acid mixed with CB was used as the precursor. The doping of boron atoms can
alter the local structure and electronic state of graphene, thereby tailoring the electrical
properties of FG [41].
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Fig. 1 Synthesis of FG. (a) Schematic diagram of FJH device. Synthesis process of (b)
FG-G and (¢) FG-D.(d) Precursors and quartz tube before FJH. (e) Flash during FJH
process. (f) Sample after FJH.

2.2.2 Preparation of FG reinforced cement pastes

The specific mixing ratios of the FG reinforced cement pastes are detailed in Table
2. Fly ash (Grade 1) was introduced to replace 20% of cement to adjust the workability
of the cement pastes. The water-cement ratio was maintained at 0.375. Besides, FG-G
/FG-D's dosages were 0.25% (0.12 vol.%) and 0.50% (0.24 vol.%) of the cement weight.
In Table 2, RO represents the control group without FG, while R-G0.25/R-D0.25 and
R-G0.50/R-D0.50 refer to cement pastes doped with 0.25 wt.% and 0.50 wt.% FG-
G/FG-D, respectively.

Table 2. Mixing ratios of FG reinforced cement pastes

Specimen codeCementFly ashSilica fumeWaterSuperplasticizerFG-GFG-D

RO 0.8 0.2 0.25 0.3 0.012 - =

R-G0.25 0.8 0.2 0.25 0.3 0.012 0.002 —
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R-G0.50 0.8 0.2 0.25 0.3 0.012 0.004 —

R-D0.25 08 02 0.25 0.3 0.012 — 0.002

R-D0.50 0.8 0.2 0.25 0.3 0.012 — 0.004

The fabrication of FG reinforced cement paste specimens is as follows: 1) A
mixture of water, superplasticizer, and FG was first sonicated for 5 min (400 W, 20
kHz), and followed by cooling to room temperature. 2) Added silica fume to the mixture
and stirred at a speed of 1000 = 100 r/min until achieving uniformity. 3) Half of the
cement and fly ash were introduced, and mixed evenly at 1000 = 100 r/min. The
remaining portions of cement and fly ash were then added, and thoroughly stirred. 4)
To ensure uniform mixing, the slurry was further stirred at a speed of 2000 + 100 r/min
for 1 min. 5) The mixed cement slurry was poured into different molds (20 mm x 20
mm X 40 mm and 20 mm % 20 mm x 80 mm) and vibrated for 20 s. Copper electrodes
were inserted at each end of the former specimen, positioned 1 cm away from the end
face for electrical property testing. 6) The specimens were demolded after 24 h and
finally cured in a standard chamber at 20 + 1°C and 95% relative humidity for a period
of 27 days.

2.3 Characterization
2.3.1 Characterization of FG

The morphologies of FG and CB were characterized using field emission scanning
electron microscopy (SEM, Nova Nano SEM 450, USA) and field emission
transmission electron microscopy (TEM, Tecnai F30, USA). The particle size
distribution of FG was measured using a laser particle size meter (LitersizerTM 500,
USA). A Brunauer-Emmett-Teller (BET, TriStar 11 3020, USA) with N, adsorption
measurements at 77.3 K was employed to obtain their specific surface area (SSA). The
crystalline structures of FG and CB were analyzed using an X-ray diffractometer (XRD,
Miniflex 600, Japan) with measurement angles ranging from 5° to 80° at an interval of
0.05°. Meanwhile, a laser confocal micro-Raman spectrometer (inVia Qontor, UK)
with a 532 nm laser was applied to identify the characteristic peaks of FG and CB.
Spectra were collected over a range of 500 to 3000 cm™!, of which the resolution was 2
cm’!. X-ray photoelectron spectroscopy (XPS, Axis Supra+, UK) analysis was also
performed. The measured full spectra had a measurement step size of 1 eV and 160 eV
energy flux, while the elemental fine spectra had a measurement step size of 0.1 eV and
40 eV energy flux. All spectra were calibrated against the C 1 s peak (284.8 eV).

2.3.2 Characterization of FG reinforced cement pastes

Compressive test was carried out on 20 mm % 20 mm X% 40 mm specimens using a
universal testing machine (UTM-100, Australia), and the loading rate was 1.2 mm/min.
Simultaneously, two longitudinal strain gauges (BX120-10AA) and transverse strain
gauges (BX120-5AA) were affixed to the specimen's side, and the longitudinal and
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transverse strain values during the loading process were collected through a dynamic
strain indicator (DC-204R, Japan). Moreover, the Young's modulus of cement pastes
was derived by assessing the ratio of the stress in the compression direction to the
longitudinal strain. The Poisson's ratio of the specimens was obtained by the ratio of
the absolute value of transverse strain to longitudinal strain. Besides, specimens
measuring 20 mm X 20 mm X 80 mm were employed for flexural test relying on an
Instron mechanical testing machine (Instron 5567A, USA). The distance between the
two base supports in the flexural test was 60 mm and the loading rate was 0.02 mm/min.
A strain gauge (BX120-20AA) was also installed at the bottom span of the specimens
to record the mid span tensile strain of the specimen during the flexural process. Both
the compressive and flexural strengths of the specimens were averaged over three
replicates. Electrochemical measurements were conducted using specimens with
dimensions of 20 mm x 20 mm X 40 mm via an Autolab electrochemical workstation
(PGSTAT302N, Switzerland). The AC-EIS data collection frequency range for cement
pastes was 10>-10° Hz, and the low amplitude was 10 mV.

The samples for SEM and mercury intrusion porosimetry (MIP) testing were about
5Smm X 5 mm X 5 mm in size, and they were soaked in ethanol for 1 days and then
vacuum dried for 2 days before testing. The microstructure of the specimens was
observed by SEM, and using energy dispersive X-ray spectroscopy (EDX) tested the
Ca/Si ratio of C-S-H gels. MIP measurement was conducted through a mercury
porosimeter (Micromeritics AutoPore IV 9600, USA), to analyze cement pastes'
porosity as well as pore structure. Besides, sample powders were prepared and passed
through an 80-um sieve, then subjected to various analyses including
thermogravimetric analysis (TGA), XRD, Fourier transform infrared spectroscopy
(FTIR), and ?°Si nuclear magnetic resonance (NMR) tests. TGA testing was performed
using a thermal analyzer (TGA8000-Frontier-Clarus SQ8T, USA). The heating range
was from room temperature to 1000°C at a rate of 10°C/min under N,. XRD patterns
covering a range from 10° to 70°, were utilized to analyze the hydration products. FTIR
analysis was conducted by a spectrometer (EQUINOXS5S5, Germany) to obtain
vibrational characteristics of functional groups in hydration products. The wavenumber
range was from 400 cm™' to 4000 cm™' with 2.0 cm™! resolution. 2°Si NMR test was
carried out using a solid-state high power NMR spectrometer (Agilent DD2-500MHz,
USA), allowed for the study on silica-oxygen tetrahedron structure of C-S-H gels. Its
probe diameter, rotational speed, relaxation time and resonance frequency were 6 mm,
4 kHz, 4 s and 99.29 MHz, respectively. Subsequently, the 22Si NMR spectra of cement
pastes were deconvoluted and iteratively fitted by Peakfit software, enabling the
calculation of polymerization degree (PD), mean molecular chain length (MCL), and
hydration degree (HD) through the provided Egs. (1) — (3).

PD=C/0 (1)
MCL=20'+0")/0 2)
HD=(0'+Q)/(@+0'+0)(3)

where Q’ (n=0, 1, 2, 3, 4) signifies the chemical environment in which silicon (Si) is
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situated, and n represents oxygen atoms' count shared between silicon-oxygen
tetrahedron with its neighboring tetrahedron.

3. Results and discussion
3.1 Morphology and structure of FG

Fig. 2 demonstrates the morphology and structure of the raw CB, the synthesized
FG-G and FG-D in this study. TEM images in Fig. 2(b) reveals a typical layered turbine
structure of FG. The layer number of FG-G and FG-D is around 10, with a thickness
between 3—5 nm. The particle size distribution of FG-G is between 0.5 um and 1.2 pm,
and that of FG-D ranges from 0.4 um to 1.1 um (Fig. 2(a), inset). From TEM-EDX
mapping results, FG-G only contains carbon, while FG-D contains 7-8% boron with
uniform distribution (Fig. 2(c)). Besides, the SSAs of FG-G and FG-D are 108.12 m?/g
and 134.45 m?/g, respectively. It appears from Fig. 2(d) that FG-D exhibits a smaller
particle size and larger SSA compared to FG-G. The XRD spectra for both FG-G and
FG-D in Fig. 2(e) show the distinct characteristic peaks at 260 of 26° and 43°,
corresponding to the C(002) and C(100) crystal planes of graphite, respectively [42]. In
addition, the Raman spectra in Fig. 2(f) reveal evident D, G, G' bands at 1340 cm’!,
1570 cm™ and 2675 cm™!, respectively. These bands are typical of graphite-based
materials. D band represents disordered carbon atoms, while G band indicates the
structural orderliness associated with in-plane stretching vibration of sp? bonding
carbon atoms. G' band is a characteristic peak observed during graphite pyrolysis [43,
44]. Both FG-G and FG-D present appreciable characteristic peaks of graphene as
evidenced by XRD and Raman spectroscopy, confirming the successful synthesis of FG
using CB as a carbon source through the FJH method.

The intensity ratio Ip/lg between D and G bands denotes a key indicator of the
graphitization degree and structural quality of graphene [45]. As presented in Fig. 2(f),
the Ip/l values of FG-G and FG-D are 0.52 and 0.96, respectively. Additionally, FG-
G shows a more pronounced and broader G-band than FG-D, indicating higher
graphitization and structural orderliness with fewer defects in FG-G. The larger Ip/Ig
value of FG-D suggests the presence of many substitution defect sites caused by boron
doping, as well. The XPS results in Fig. 2(g) also illustrates the presence of doped boron
elements in the FG-D sample, whose bonding types are similar to carbon, including
graphitic B (BC;) and boronic B (BCO,). B4C is also observed in the B 1s peak of the
FG-D sample. The carbon content of FG-G and FG-D is 97.7% and 89.3%, respectively,
indicating a higher purity of FG-G. In addition, the doping of boron can improve the
conductivity of graphene since boron has one less electron than carbon, creating free
"holes" or positive charges in the lattice structure of graphene that can move freely
through graphene. This is also revealed by the measured electrical resistivity of FG-G
and FG-D via four-probe method, with values of 60-90 mQ-cm and 2040 mQ-cm,
respectively.
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3.2 Properties of FG reinforced cement pastes
3.2.1 Mechanical properties

FG modified cement pastes' mechanical properties are presented in Fig. 3. It can
be observed from compressive stress-strain curves (Fig. 3(a)) that doping both FG-G
and FG-D in cement pastes increases the peak strain and peak stress. It also alters the
slope of the curves during the elastic phase. In other words, FG influences the
compressive strength of cementitious composites as well as Young’s modulus. From
Fig. 3(b), incorporating 0.25 wt.% FG-G and FG-D in cement pastes results in a
maximal improvement of compressive strength by 12.05 MPa/12.3% and 16.48
MPa/16.8%, respectively. Whereas, as the dosage of FG increases to 0.50 wt.%, the
compressive strength decreases but remains higher than the plain specimen. This
phenomenon is associated with the small particle size, high specific surface area along
with van der Waals force effect of FG, influencing its dispersion in the matrix and the
workability of the matrix, especially at high dosage. Additionally, it is evident from the
flexural stress-strain curves in Fig. 3(c) that adding FG notably enhances the yield stress
of cement pastes. The nonlinear rise phase of FG reinforced cement pastes is also
prolonged, particularly evident in the R-G0.50 and R-D0.25 specimens, exhibiting
ductility behaviors. Moreover, FG reinforced cement pastes exhibit gently extended
descending curves after reaching the peak stress. Specifically, the R-G0.50, R-D0.25
and R-D0.50 specimens exhibit long platform phases at 50-70% of the peak stress, with
an ultimate strain of up to 3000 pe, signifying a remarkable increase of about 550%
over the plain specimen. As presented in Fig. 3(d), incorporating FG-G and FG-D both
enhance their flexural strength obviously. 0.25 wt.% FG-G and FG-D reinforced
cement pastes achieves the greatest improvements, with 0.90 MPa/23.3% and 1.43
MPa/37.2%, respectively. Besides, the flexural strength is negatively correlated with
FG content, aligning with the variation pattern of compressive strength.
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Fig. 3 Mechanical properties of FG reinforced cement pastes. (a) Compressive stress-
strain curves. (b) Compressive strength. (c¢) Flexural stress-strain curves. (d) Flexural
strength. (e) Young’s modulus. (f) Poisson’s ratio.

Figs. 3(e) and (f) demonstrate that the addition of FG significantly improves the
Young's modulus and Poisson's ratio of FG reinforced cement pastes. It indicates that
FG is conducive to improving the elastic deformation resistance and transverse
deformation ability of the composites. Similar to the compressive strength results,
cement paste doped with 0.25 wt.% FG shows the greatest enhancement in the Young's
modulus. The Young's modulus of R-G0.25 and R-D0.25 specimens can reach 43.80
GPa and 32.33 GPa, respectively, with increase rates of 52.8% and 12.8% compared to
the plain specimen. With increasing FG-G and FG-D doping, the Young's modulus of
the composites tends to decrease, while the Poisson's ratio increases. Incorporating 0.50
wt.% FG-G/FG-D can achieve improvements of 33.8%/29.9% in Poisson's ratio of
cement pastes.

For the two FG nanofillers, FG-D demonstrates a slightly greater effectiveness
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than FG-G in improving the mechanical strength of cement pastes. This difference may
be attribute to the smaller particle size, larger SSA, and more disordered structure of
FG-D compared to FG-G, resulting in a stronger interfacial bond strength with cement
matrix. Whereas the Young's modulus improvement of FG-G reinforced cement pastes
surpasses that of FG-D. Their enhancement mechanisms are discussed in detail in
Section 3.3, by means of microstructural analysis.

3.2.2 Electrical properties

Fig. 4 presents the EIS diagrams of FG reinforced cement pastes at 28 days,
obtaining through AC-EIS measurements. As depicted in the Bode plots (Figs. 4(a) and
(b)), a consistent pattern of decreasing resistance from low to high frequencies is
observed. Apparently, neither FG-G nor FG-D substantially increase the electrical
properties of composites, especially at the low concentration of 0.25 wt.%. Adding FG
results in the electrical impedance of cement pastes at 28 days similar or slightly lower
than the plain specimen. Only R-G0.50 exhibits the lowest electrical impedance of
7.74x10* Q and 6.83x103 Q at frequencies of 102 Hz and 10° Hz, respectively, with the
reduction of 29.5% and 23.9% compared to the plain specimen. The doping of FG has
no appreciable impact on the electrical properties of cementitious composites, probably
owing to the low FG dosage. With FG dosage below the percolation threshold, a
complete conductive network cannot be formed in the cement matrix.
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Fig. 4 EIS spectra of cement pastes after curing for 28 days. Bode plots of cement
pastes reinforced by (a) FG-G and (b) FG-D. Nyquist plots of cement pastes
reinforced by (¢) FG-G and (d) FG-D.

Figs. 4(c) and (d) illustrate the Nyquist plots of EIS for cement pastes without and
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with FG. The topological characteristics of FG reinforced cement pastes are consistent
with the typical Randle topology of cementitious composites, consisting of high-
frequency semicircular arcs and low-frequency linear segments. The high-frequency
semicircular arcs are associated with the structure of the cement matrix (e.g., hydration
products, water content, and ionic concentration) and the conductive components.
Meanwhile, the low-frequency linear segments primarily correspond to the charge
diffusion in electrochemical reactions involving the stainless-steel electrode, and the
resulting impedance is known as Warburg impedance [46]. As presented in Fig. 4(c),
the Nyquist plot of R-G0.50 shifts leftward along the real axis compared to the plain
cement paste, accompanied by a reduction in the semicircle diameter. It means the
impedance of the entire system decreases. This reduction is attributed to the high
conductivity of graphene, facilitating a portion of the current to flow directly through
the conductive FG filler rather than the less conductive cement matrix. However, due
to the low dosage of FG, it still fails to form a complete conductive network in the
matrix, resulting in limited improvement in the conductivity of the composites. The
linear segment dominated by charge diffusion in EIS at low frequencies also suggests
that ion conduction still exerts the predominant function in cement pastes' conductive
path [21]. Additionally, the semicircle diameters of the Nyquist curves of cement pastes
doped with 0.25 wt.% FG-G/FG-D are both slightly increased, indicating an increase
in the impedance of the cement system. This may be associated with the large specific
surface area of FG that helps to adsorb free water and reduce ionic mobility [47, 48].
Moreover, FG reinforced cement pastes have a dense pore structure that inhibits ion
transport, thereby increasing the material's impedance [47, 49]. In other words, it
demonstrates that FG is beneficial for improving the pore structure in matrix and
optimizing pore size distribution, as further confirmed in the MIP analyses in Section
3.3.

3.3 Modification mechanisms

The macroscopic performances of cementitious composites are inextricably linked
to their matrix microstructure as well as hydration properties. To elucidate the
underlying mechanisms of cement pastes modified by FG with favorable mechanical
behavior, SEM, EDX, MIP, TGA, XRD, FTIR, and 2°Si NMR tests are conducted on
0.25 wt.% FG-G/FG-D reinforced cement pastes.

3.3.1 Microscopic morphology and pore structures

Figs. 5(a) and (b) exhibit the SEM images of fracture surfaces of cement pastes.
As demonstrated in Fig. 5(a), the plain cement paste has a large number of directionally
distributed large-sized CH crystals, which is detrimental for its mechanical strength
development [50, 51]. Doping FG reduces the size of CH crystals, potentially due to
the dense matrix of composites with FG limiting the space for CH growth [52], thus
inhibiting the initiation and development of cracks. As well, there have fewer defects
and denser microstructures in FG reinforced cement pastes, especially in the R-D0.25
sample, compared to the looser microstructure of sample without FG. It is also clearly
visible from Fig. 5(b) that there is a substantial amount of low-density C-S-H gels in
RO matrix. The C-S-H gels' structure in cement pastes with FG is more compact, since
FG can be served as a nucleation site to generate high-density C-S-H gels along FG
sheets. The tough FG-C-S-H composite structure thereby improves the mechanical
performances of cement pastes [15, 53]. The SEM images also reflect that FG favors
the reduction of the number and size of pores in matrix, therefore quantitative pore
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Fig. 5 Microscopic morphology and pore structure of cement pastes filled with FG
and without FG. (a) SEM images of matrix microstructure. (b) SEM images of C-S-H
gel morphology. (¢) Pore volume distribution. (d) Pore size distribution.

Figs. 5(c) and (d) illustrates the pore structure of matrix tested through MIP. Table
3 lists their pore structure characteristic parameters. The introduction of FG marginally
reduces the porosity of cement matrix, compared to the plain specimen. Fig. 5(c) plots
the volume distribution of four categories of pore structures in cement matrix based on
pore size, including gel pores <10 nm existing in C-S-H gels; fine capillary pores of
10-50 nm between external hydration products; 50-1000 nm medium and large
capillary pores, mainly formed by free water evaporation and cement hydration
shrinkage; large pores greater than 1000 nm originating from the insufficient mixing or
vibration [54, 55]. With respect to the RO sample, R-G0.25 and R-D0.25 samples both
show an increase in gel pore volume and a decrease in capillary pore volume, indicating
that the doping of FG contributes to the homogenization of pore size distribution in
matrix. Furthermore, the most probable pore sizes of both R-G0.25 and R-D0.25 in Fig.
5(d), along with their corresponding mercury intakes are decreased. Their most
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probable pore size is 13.73 nm, 19.8% lower than that of the blank group at 17.11 nm.
In other words, the doping of FG-G/FG-D is beneficial for refining the pore structure
of the matrix [56]. Simultaneously, the characteristic pore sizes, e.g., median pore size
of volume/area, average pore size of cement pastes incorporating 0.25 wt.% FG-G/FG-
D are all reduced in comparison with the plain specimen, as illustrated in Table 3. Most
of the characteristic pore sizes of the plain specimen fall within the fine capillary pore
range of 10—-50 nm, while the median pore diameters of area are 9.82 nm and 9.98 nm
for R-G0.25 and R-D0.25, respectively, belonging to the gel pore range. It indicates
that the addition of both FG-G and FG-D significantly decreases the majority of pore
sizes inside cement matrix and helps to reduce inter-pore connectivity [57, 58]. In
summary, FG-G/FG-D enables the formation of more separated fine pores with a
uniform pore size distribution in cement pastes, thereby modifying the pore structure,
optimizing the overall structure of the matrix, and then improving the mechanical
strengths of composites.

Table 3. Pore structure characteristic parameters of FG reinforced cement pastes by
MIP

Specimen Porosity = Most probable Median pore size of Median pore size Average pore

code (%) pore size (nm) volume (nm) of area (nm) size (nm)
RO 11.11 17.11 18.38 10.98 17.35
R-G0.25 10.29 13.73 16.80 9.82 16.36
R-D0.25 10.74 13.73 16.88 9.98 16.45

3.3.2 Hydration products' analysis

The hydration products of FG-G/FG-D reinforced cement pastes at 28 days are
analyzed through TGA, XRD and FTIR tests, with the results provided in Fig. 6. The
TGA/derivatives of thermogravimetric (DTG) curves in Fig. 6(a)/(b) have four distinct
mass loss peaks at around 100-250°C, 400—500°C, 650—800°C, and 850°C. The mass
loss peak at 100-250°C originates from chemically bound water dehydration in C-S-H
gels and ettringite (AFt). At around 400-500°C and 650-800°C, the mass loss peaks
come from the decomposition of CH and calcium carbonate (CaCOs), respectively [59].
The decomposition temperatures of CH and CaCOj; in the DTG curves of FG reinforced
cement pastes shift towards lower temperatures. Besides, hydration degree is often
empirically characterized by the mass loss of the sample during TGA processes,
identifying the weight loss of chemically bound water [60]. The total mass loss of RO,
R-GO0.25 and R-D0.25 is 18.20%, 18.33% and 19.08%, respectively. It appears that the
hydration degree of cement pastes incorporating with FG-G at 28 days is comparable
to that of RO, while that with FG-D is slightly larger than the plain specimen. This is
evidence of an increase in hydration degree of composites reinforced by FG. It shows
that the introduction of FG-D may promote the cement hydration by serving as



444
445

446

447
448
449
450
451
452
453
454
455

456
457
458
459
460
461
462
463
464

adsorption cores for hydration products, water, and ions in cement matrix, resulting in
the improved mechanical strength [17, 61, 62].
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Fig. 6 Hydration products' analysis of FG reinforced cement pastes at 28 days. (a)
TGA curves. (b) DTG curves. (¢) XRD spectra. (d) FTIR spectra.

Fig. 6(c) presents the XRD spectra of FG reinforced cement pastes. No new
diffraction peaks are formed in the XRD spectra of specimens incorporating FG, i.e.,
FG is not involved in the hydration reaction of the composites. Consistent with the TGA
results, the XRD spectra exhibit that the introduction of FG decreases the CH diffraction
peak intensity of cement pastes, and the CaCOj; diffraction peak intensity of the R-
D0.25 specimen is higher than that of the composite without FG. Furthermore, the peak
intensity of CsS in cement pastes doped with FG is apparently weaker compared to the
plain paste without FG, suggesting that the doping of FG promotes the cement hydration
and consumes C;S, consistent with the TGA results.

The FTIR spectra in Fig. 6(d) reveal vibration bands of various functional groups,
including -OH, H-O-H, CO;?, Si-O-Si, and Si-O groups. The band at 3640 cm™! belongs
to -OH stretching vibration band in the hydration product CH. The bands around 3435
cm! and 1650 cm™! represent the H-O-H stretching vibration and bending vibration of
bound water in hydration products, respectively. The COs> asymmetric stretching
vibration (1415 cm'), as well as the CO3% out-of-plane bending vibration (875 cm!)
are derived from the carbonate formed after CH carbonation. The 1115 cm™ band
represents the Si-O-Si asymmetric stretching vibration from AFt. The 970 cm™! and 455
cm! bands denote asymmetric stretching vibration (v,4) and in-plane bending vibration
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(v2) of Si-O in silica-oxygen tetrahedron, respectively [63]. The incorporation of FG-
G/FG-D does not form new vibration bands or significant change in band positions,
further confirming FG-G/FG-D does not involve the hydration reaction of cement
pastes.

Fig. 6(d) demonstrates that the -OH vibration bands of CH in RO/R-G0.25/R-
DO0.25 are all not notable, while the bands of CO32- groups are obvious. This suggests
that all samples have undergone carbonization, particularly pronounced in R-D0.25,
consistent with the TGA and XRD results. Additionally, compared to RO, the Si-O (v4)
and Si-O (v;) band are deeper and sharper for R-G0.25 and R-D0.25, especially for R-
DO0.25. As hydration proceeds, the shifts of Si-O (v4) and Si-O (v,) move towards higher
wave numbers and the vibration bands intensify, indicating the generation and
polymerization of the C-S-H phase [52, 63]. Thus, the enhancement of the Si-O (v)
and Si-O (v,) band intensity in R-G0.25/R-D0.25 suggests that the doping of FG is
beneficial for improving the polymerization degree of C-S-H. Meanwhile, the vibration
band of H-O-H group in R-G0.25 and R-D0.25 shifts towards higher wave numbers,
with respect to that in RO, indicating a reduce in free water and an enhancement in
capillary and gel water. This demonstrates that the incorporation of FG helps to refine
pore structure of cement pastes, consistent with MIP analysis results [64].

3.3.3 C-S-H gel structures' analysis

To study the structure of C-S-H gels in FG reinforced cement pastes, the elemental
compositions of the cement pastes, particularly regarding the Ca/Si ratios are
characterized through EDX analysis results. The average Ca/Si ratios of the control
sample, cement pastes doped with 0.25wt.% FG-G and 0.25wt.% FG-D are 1.09, 0.90,
and 0.81, respectively. The decreased Ca/Si ratios in C-S-H gels with the addition of
FG-G and FG-D suggests its interlayer decalcification resulting in a conversion of the
silica-oxygen tetrahedra from dimers to dimer short-chain forms [65, 66]. This
transition leads to an increase in the polymerization degree and density of C-S-H gels,
thus reinforcing the microstructure of matrix along with its macroscopic properties.

The silicon in C-S-H gels has nuclear magnetic properties, allowing for the
quantitative analysis of the nuclear 2°Si chemical environment using NMR techniques.
Fig. 7 shows the original 2°Si NMR spectra and the deconvolution spectra obtained by
Gaussian fitting and peak splitting processed through Peakfit software of FG reinforced
cement pastes. Table 4 details the results of deconvolution calculations of 2°Si NMR

spectra of cement pastes. Here, Q" (n=0, 1, 2, 3, 4) denotes the chemical environment

Si situated. Specifically, Q° denotes a monomer silicate of unhydrated cement clinker
minerals. Q' represents a silica-oxygen tetrahedron with one shared oxygen atom,
positioned at the end of the C-S-H straight chain, while Q? denotes a dimer short chain
connected to two silica-oxygen tetrahedron, existing in the middle of the C-S-H straight
chain. Q3 stands for a silica-oxygen tetrahedron sharing three oxygen atoms, generally
found in branched networks, sheet or lamellar structures. O* characterizes the silica-
oxygen tetrahedron linked to four silica-oxygen tetrahedron to form a highly
polymerized three-dimensional spatial network structure, derived from SiO; in silica
fume and fly ash [67]. The resonance signals 0° Q', 0> Q° and Q% on spectra are
situated within the ranges of -68~-76 ppm, -76~-82 ppm, -82~-88 ppm, -88~-98 ppm
and -98~-129 ppm, respectively.
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The Q° values of R-D0.25 are slightly lower than that of the blank group (Fig. 7,
Table 4). This implies a reduction in the content of unhydrated monomer silicate in
cement pastes filled with FG. The lower Q° value suggests that the incorporation of FG
promotes further reaction of unhydrated cement clinker, resulting in increased
hydration degree of composites, although its effect is minor from the calculated results
in Table 4. While FG-G has no effect on improving cement hydration degree, which is
consistent with the TGA results. In addition, the lower Q! and higher O? in R-G0.25/R-
DO0.25 with respect to RO indicates a condensation of the silica-oxygen tetrahedral
structure in C-S-H gels from dimers to dimer short-chain structure. This observation
reveals the vital of FG in promoting the transition of silica-oxygen tetrahedron to higher
polymerization structures, thereby improving the polymerization degree. Similar results
are drawn from FTIR spectra analysis and Ca/Si ratio analysis. The PD/MCL results of
C-S-H gels in cement pastes are provided in Table 4, showing that the incorporation of
FG-G/FG-D improves the PD from the original 0.65 to 1.53/0.75, an increase of
135.4%/15.4%. Besides, the MCL of cement paste obtains an increase of 52.9% and
5.4%, with the addition of 0.25 wt.% FG-G and FG-D, respectively.

The formation of C-S-H gels' silicate chain structure arises from the dehydration
and condensation processes between protonated silicate monomers [68]. The strong
adsorption of FG can significantly reduce the Ca?" concentration in C-S-H gels, thus
inducing interlayer decalcification of C-S-H gel [68, 69]. Subsequently, both Si-O-Ca
and Ca-OH bonds in the silicate structure are disrupted, and the lost Ca®* positions are
compensated by H*, in favor of the formation of protonated Si-OH groups. Thereafter,
the dehydration and condensation of Si-OH groups with silica-oxygen tetrahedron
elongate the silicate chain length, markedly improving their structural ordering as well
as the polymerization degree. Furthermore, graphene with water-absorbing properties
decreases the protonated water and shorten the distance of Ca, O, and Si groups in C-
S-H gels, thus enhancing the chemical bonds and consequently improving the PD [68].
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Fig. 7 Original 2°Si NMR spectra and deconvoluted 2°Si NMR spectra of FG
reinforced cement pastes. (a) Original 2°Si NMR spectra. Deconvoluted 2°Si NMR
spectra of (b) RO, (c) R-G0.25 and (d) R-D0.25.

Table 4. Deconvolution results of 22Si NMR for FG reinforced cement pastes.

Specimen codeQ° (%)Q" (%)0? (%)0? (%)0* (%)HD (%) PD MCL

RO 30.8 333 218 1.7 124 64.1 0.653.31

R-G0.25 32.1 205 314 32 128 61.8 1.535.06

R-D0.25 266 305 227 37 165 66.6 0.753.49

The comprehensive microstructural analysis highlights that FG as a nanofiller,
plays a crucial role in reducing matrix defects, enhancing both the matrix microstructure
and C-S-H gel nanostructure. FG-G/FG-D does not involve in cement hydration but
FG-D slightly improves the hydration degree of composites, demonstrated by an
increase total mass loss in TGA and a decrease in the content of unhydrated monomer
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silicate Q° in 2°Si NMR. According to the SEM, MIP and FTIR analyses, the filling
effect of FG can also reduce the matrix defects and the porosity, decrease the most
probable pore size, median pore size and average pore size thus refining the pore
structure, decrease capillary pore volume while increase gel pore volume thus
homogenizing pore size distribution. The optimization of pore structure not only
improves the microstructure of the matrix, but also restricts the CH's growth space,
thereby reducing their size and optimizing their structure, as can be seen from the SEM
and XRD results. In addition, the reduction in Ca/Si ratio, increase in Si-O vibration
band intensity in FTIR, increase in PD and MCL in 2°Si NMR collectively substantiate
that FG improves the ordering and polymerization degree of C-S-H gel structure. These
enhancements are advantageous for the improvement of matrix compactness, inhibition
of microcrack aggregation and propagation, and reinforcement of load transfer
efficiency [18, 70, 71]. Simultaneously, owing to its distinctive turbine shape
(especially the rotationally disordered FG-D), FG exhibits intrinsic properties such as
interlayer slip and structural fracture, coupled with robust bonding capability and
friction with the matrix. These attributes contribute to increased energy absorption
during the loading process [72], thus effectively enhancing the crack resistance and
toughness of cementitious composites [22, 73, 74]. Furthermore, the spatial
interlocking mechanism of FG fosters the formation of three-dimensional network
enhancement structure in matrix, offering resistance against load deformation and
ultimately improving the mechanical strength of composites [70]. The strengthening
and toughening of cementitious composites reinforced by FG holds promise for
applications in large-span components, enabling reductions in both size and weight.

3.4 Cost Analysis

The addition of 0.25 wt.% FG in cement pastes results in a remarkable increase of
16.8%/37.2% in compressive/flexural strength, respectively. From Paul Mee's formula,
concrete strength is basically proportional to that of binder materials. We can roughly
estimate that the FG admixture may lead to an approximately 15% increase in concrete
strength as well. This is equivalent to elevating the strength of C40 concrete (with a
cement dosage of around 360 kg/m?) to at least that of C45 concrete (with a cement
dosage of approximately 390 kg/m?) without the additional cement consumption. In
other words, by adding 0.25 wt.% FG (0.9 kg/m?) to C40 concrete, it is possible to
prepare C45 concrete, thereby reducing cement consumption by about 30 kg/m?* and
decreasing CO, emissions by 24-30 kg/m?, resulting in an 8% reduction in the carbon
footprint (According to the International Energy Agency (IEA), the production of one
ton of cement emits approximately 0.63 tons of CO, on average [73]). The detailed
instructions are provided in Table 5. In addition, the cost assessment reveals that the
total cost of 1 m?® C40 commercial concrete in China is about 365 CNY, while C45 is
385 CNY. The total cost of 1 kg FG is only about 11.5 CNY, with the feedstock cost of
9 CNY (considering a CB price of about 8 CNY/kg, assuming a conversion rate of 90%,
the rest of 10% is allocated to the costs of consumable items, manpower, and equipment
updating etc.), and the electricity cost of 2.5 CNY (energy consumption of only
7.2x100-9.2x10° J, industrial electricity price of 1 CNY/ kW-h). In that way, the cost
of 1 m?® C45 concrete obtained by adding FG is about 375 CNY, i.e., a saving of 10
CNY compared to the original cost. Moreover, the microstructure modification of
cementitious composites by FG also enhances their durability, leading to considerable
reductions in maintenance costs throughout the entire life cycle of building structures.
Therefore, the economical and efficient preparation of FG through FJH enables the
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effective reinforcement of cementitious composites, then reduces cement consumption
of concrete as well as associated life cycle costs in concrete, thus contributing to a
significant decrease in carbon footprints and enhancing the sustainability of cement
concrete composites. This opens up a new territory to develop widely applicable and
versatile cementitious composites with high performance and low CO, emission by
using small graphene as reinforcement, thus addressing the cracking and brittleness of
traditional cementitious composites and catering to structural complexity requirements,
as well as advancing sustainable development of building materials.

Table 5. Cement usage and cost of concrete

Item name Compressive strengthCement usageFG dosage Cost

FG — — —  11.5CNY/ke
C40 concrete  About 49 MPa 360 kg/m? —  365CNY/m?
C45 concrete  About 54 MPa 390 kg/m? - 385 CNY/ m?

C40 concrete +
About 55 MPa 360 kg/m* 0.9 kg/m3 375 CNY/ m3
0.25 wt.% FG

4. Conclusions

This study uses the green, ultrafast, and low-cost FJH method to synthesize two
types of FGs, and systematically studies the mechanical and electrical properties of FG
reinforced cement pastes. The enhancement mechanism of cement pastes incorporating
FG is undertaken subsequently through a series of microanalyses. The economics of its
use for the low-cost, large-scale preparation of graphene concrete is also explored. The
main conclusions are set out below:

1) The FJH process provides an economical and efficient method for preparing
graphene, with the cost for producing 1 kg FG being only 11.5 CNY when using CB as
a carbon source. The both as-synthesized FGs have 10 layers and a thickness of 3—5 nm
in a turbine shape. Specifically, FG-G (Ip/lg of 0.52) is highly graphitized and
structurally ordered with fewer defects, while FG-D is characterized by small size and
large specific surface area.

2) The addition of FG-G and FG-D in cement pastes can significantly enhance their
mechanical properties. FG-D's modification effect on cement pastes is slightly better
than FG-G, reaching its peak effectiveness at a dosage of 0.25 wt.%. The
compressive/flexural strength of cement pastes containing 0.25 wt.% FG-D can be
increased by 16.8%/37.2%. Incorporating FG into cement pastes also leads to an
increase in Young's modulus (2.4-52.8%) and Poisson's ratio (7.5-33.8%). Of
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particular interest is the approximately 550% increase in flexural ultimate strain of FG
reinforced cement pastes. However, the addition of FG has no clear effect on enhancing
the electrical property of cement pastes.

3) FG obviously modifies the matrix microstructure by improving hydration degree,
reducing porosity, optimizing pore structure, and enhancing the orderliness and
polymerization degree of C-S-H gels. This enhancement is advantageous for the
improvement of matrix compactness, inhibition of microcrack aggregation and
propagation, and reinforcement of load transfer efficiency. Its disorderly stacked
turbine structure also contributes to robust interface bonding and friction with cement
matrix, thus facilitating the strengthening and toughening of cementitious composites.
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5. It'sanew avenue to reinforce cementitious composites with low cost/CO, emission.



