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ABSTRACT: A very low dosage of graphene oxide (GO) can
enhance the mechanical durability of cement composites, but the
reinforcing enhancement is highly dependent on the uniform
dispersion of graphene in the matrix. Carboxylic groups at GO
nanosheets have a decisive effect on GO aggregation in an alkaline
cement solution because they have a strong complexation ability
with aqueous Ca2+ released by cement hydration and subsequently
crosslinks the adjacent graphene sheets, causing the immediate
coagulation of GO. The available methods of homogeneously
dispersing GO in a cement slurry cannot completely eliminate this
carboxylic-crosslinking-induced GO coagulation. In this study,
many hydroxyl groups were introduced onto the edge and planar
nanosheets to prepare water-soluble hydroxylated graphene (HO-
G) by facile ball milling. The structure of HO-G was thoroughly characterized in detail, and its dispersion behavior in pure water and
Ca(OH)2 was extensively investigated. These results showed that the prepared HO-G exhibited good hydrophilicity and excellent
colloidal dispersion ability against high pH and Ca2+ ions compared to GO. The effect of HO-G on the workability, mechanical
strength, and chloride penetrability of a cement mortar was further studied. At a content of 0.03% by cement mass, HO-G provided
28.62 and 21.19% enhancements of compressive strength and 3.85 and 7.89% enhancements of flexural strength at 3 and 28 days,
respectively, while the non-steady-state migration coefficient decreased by 31.51% compared to the reference mortar. Compared to
GO, a lower dosage of HO-G exhibited a similar reinforcing effect to cement composites with little adverse impact on the fluidity of
the fresh cement slurry. Moreover, the addition of HO-G could refine the pore structure, accelerate the hydration process of cement
to some degree, and generate more hydration products so that the structure of the cement mortar was densified. Considering its
environmentally friendly preparation, HO-G, as a promising reinforcing nanofiller, could provide a new solution to develop
nanoengineered cement composites.

1. INTRODUCTION
Graphene-based nanosheets have been widely studied due to
their reinforcement and functionalization of cementitious
composites in recent years. As novel two-dimensional (2D)
carbon nanomaterials, a number of studies have reported that
the incorporation of an appropriate amount of graphene and its
derivatives into cement composites can remarkably enhance
their mechanical properties, durability, and conductivity.1,2

Nevertheless, due to the unique structure of graphene, there
are strong van der Waals force and π−π stacking between the
adjacent layers,2 and at the same time, it has a large specific
surface area, which leads to its easy agglomeration and causes
difficulty in dispersing uniformly in an aqueous solution.3 As a
derivative of 2D graphene nanosheets, the layered structure of
graphene oxide (GO) is similar to that of graphene, and the
oxygen-containing functional groups, including hydroxyl,
epoxy, and carboxylic groups, render GO hydrophilic;4 thus,
GO was intensively studied as a nanoreinforcing filler in
nanoengineered cement composites.5 However, the excellent
water solubility of GO does not guarantee homogenous

dispersion in cement alkaline solution. Several studies reported
that both the pH value and cation valence played an important
role in the GO colloidal solution in the aquatic environment.6,7

Chowdhury et al.8 investigated the aggregation, adsorption,
and morphological transformation of GO in the presence of
common environmental cations and indicated that divalent
cations such as Ca2+ and Mg2+ could induce GO aggregation.
Gao et al.9 reported that pH also influenced the stability of
GO. Severe coagulation of GO was observed in both the
cement pore solution10 and the cement paste.11 Ghazizadeh et
al.12 investigated the colloidal stability of GO in the alite paste
environment and indicated that GO was easy to coagulate in
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the alite paste. The instability of GO dispersion in the cement
pore solution is due to (i) the cross-linking between GO by
Ca2+ or hydration crystals through “bridging” the carboxyl
groups at the edges of GO sheets13,14 and (ii) the reduction of
partially functional groups in GO at high pH.15 The formation
of large GO sediments by aggregation not only hampered its
homogeneous dispersion in the cement matrix16 but also
reduced the fluidity of the cement slurry.17 Shang et al.18

reported that the minislump diameter of the cement paste
decreased by 36.2% when 0.08 wt % GO by the cement weight
was added. Good fluidity is a guarantee of mechanical
properties and workability of cement composites, which is
extremely essential for cement engineering applications.19

Consequently, the uniform dispersion of GO in the cement
hydration medium plays a vital role in enhancing the cement
composites.
Various physical and chemical techniques have been

performed to improve the dispersion of GO in the cement
matrix, including mechanical ultrasonication, the usage of
surfactants, and chemical functionalization.5,16 Ultrasonic
dispersion is the most common technique used to achieve
the dispersion of nanosheets before adding nanomaterials to
cement.20 Chemical functionalization is mainly to graft
functional groups to the surface of GO through the covalent
linkage.21 Several researchers also use surfactants, which can be

adsorbed onto the GO surface and reduce surface energy,
improving the dispersion of GO in cement composites.22

Nonetheless, none of the existing methods can avoid the cross-
linking between the carboxyl groups of GO nanosheets and
Ca2+ released from cement hydration. In other words, more or
less aggregation of GO in the cement hydration medium
cannot be completely avoided by employing these available
methods so that the remarkable reinforcement of GO to
cement composites cannot be fully exerted.
Upon deep insight into the coagulation of GO, whether in

water or cement pore solution, the carboxylated group on the
edges of nanosheets has a dominant influence on the
dispersion stability of the GO solution. Presumably, reducing
the content of −COOH can improve the stability of GO in the
alkaline cement pore solution while decreasing the water
solubility of graphene. Keeping in mind the prerequisite that
graphene must be functionalized to be hydrophilic, a new
graphene derivative can be prepared by grafting more hydroxyl
groups onto the planar sheet when decreasing the content of
the carboxylic group. In our study, to increase the content of
hydroxyl groups on the basal plane of graphene, porous
thermally reduced graphene oxide (TRGO) was employed as
the raw material to prepare hydroxylated graphene (HO-G)
using one-step solid-state ball milling. Hydroxyl groups were
distributed on the edges of both planar sheets and inner

Figure 1. (a) FTIR spectra, (b) XPS survey and (c) high-resolution XPS C 1s spectra, (d) Raman spectra of GO, TRGO, and HO-G.
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nanopores. Compared to the time-consuming GO preparation
method where flammable and explosive chemicals (e.g.,
H2SO4, KMnO4) are commonly used,23,24 the synthesis of
HO-G is facile and environmentally friendly. Despite the fact
that HO-G has previously been reported to be biocompat-
ible25,26 and electroactive27 materials, no study reported the
use of HO-G as a reinforcing nanofiller in cementitious
composites.
In this paper, the structure of HO-G was fully characterized

and its dispersion stability was elaborately compared to that of
GO in deionized (DI) water, aqueous CaCl2 solution, and
saturated Ca(OH)2 solution, respectively. Furthermore, the
effect of HO-G on the workability, mechanical strength, and
chloride penetrability of cement mortars was investigated.
Finally, the effect of HO-G on the hydration degree and pore
structure of cement composites was characterized by a
nonevaporative water (NEW) content, an X-ray diffraction
(XRD) pattern, mercury intrusion porosimetry (MIP), and
scanning electron microscopy (SEM). These disclosed results
showed that HO-G exhibited an excellent dispersion ability in
a simulated cement pore solution, and as one of the
nanomaterials, it could be a promising reinforcing nanofiller
and hold the potential to provide a breakthrough in
nanoengineered cement composites.

2. RESULTS AND DISCUSSION
2.1. Structural Characterization of HO-G.Water-soluble

hydroxylated graphene (HO-G) was reported in previous
studies.25−27 Dai et al.26 used solid KOH powder and graphite
flakes to prepare HO-G by ball milling, in which graphite layers
were peeled off under the violent action of mechanical shear
forces, and the hydroxyl groups in this HO-G were mainly
located at the edges of layer sheets, resulting in the limited
content of hydroxyl groups and thus its hydrophilicity is not
high enough to obtain a high concentration of the HO-G
solution. In the present study, porous thermally reduced
graphene oxide could provide more activated carbon atoms,
which lead to hydroxyl groups being distributed on the edges
of both planar sheets and inner nanopores. Therefore, more
hydroxyl groups were introduced onto the basal sheet of
graphene, which was favorable to increase the hydrophilicity of
HO-G and enhance interfacial interaction between graphene
and the C-S-H hydrates.
To examine the surface characteristics of GO, TRGO, and

HO-G nanosheets, Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) were
conducted. From Figure 1a, the characteristic peaks of GO at
1051, 1223, 1613, 1731, and 3180 cm−1 indicated alkoxy C−O
stretching, C−OH bending vibrations of hydroxyl groups, C
C skeletal vibration, CO stretching vibration of carboxyl
groups, and the O−H stretching mode, respectively.28,29 In the
FTIR spectrum of TRGO, the absorption peaks at 1573 and
1224 cm−1 were related to the skeletal vibration of the
aromatic rings and C−OH stretching.30,31 Compared with the
spectrum of GO, the disappearance of the peak at 1731 cm−1

indicates the absence of carboxyl groups in TRGO. As for HO-
G, the FTIR spectrum demonstrated C−O vibration (1386
and 1077 cm−1) and CC vibration from sp2 bonds, but the
peak position shifted from 1573 to 1631 cm−1 with respect to
TRGO. The double absorption bands at 2853 and 2924 cm−1

were assigned to C−H groups. A strong signal at 3439 cm−1

was detected due to the stretching mode of the hydroxyl group,
indicating that the hydroxyl group was successfully grafted into

the TRGO backbone. The absorption peak corresponding to
CO stretching of the carboxylic functional group (around
1730 cm−1)31 was not detected, indicating that there was no
carboxylic group existing in HO-G. The XPS measurement was
undertaken to detect the surface groups of nanosheets. From
Figure 1b, the XPS survey spectrum for HO-G (Figure 1b)
displayed a C 1s peak at ca. 283.97 eV along with an O 1s peak
at ca. 531.97 eV as is the case of GO and TRGO, indicating
that there were only C and O elements within HO-G. Figure
1c presents the well-fitted C 1s spectrum of GO, TRGO, and
HO-G. In line with the previous study,28 the result of GO
exhibited three peaks at ca. 284.77, 286.87, and 288.62 eV,
which correspond to C−C, C−O, and CO groups,
respectively, whereas the C 1s spectrum of TRGO suggested
two types of carbon bonds, including the C−C at 284.82 eV
and C−O at 286.17 eV.32 Similarly, there were two peaks at
284.77 and 285.62 eV in the spectrum of HO-G, which could
be denoted as C−C and C−O groups, respectively. No signal
peaks of carboxyl or carbonyl carbons were detected in the
XPS spectrum, which further confirmed hydroxy groups
exclusively existing within the HO-G structure. The Raman
spectra (Figure 1d) of all of the samples exhibited four main
characteristic peaks: the D mode (∼1350 cm−1) produced by
the double resonance disorder-induced mode; the G mode
(∼1600 cm−1) derived from the in-plane vibration of sp2

carbon atoms; the symmetry-allowed 2D overtone mode
(∼2700 cm−1), and a (D + G) combination pattern (2900
cm−1) induced by the disorder.32 The peak intensity ratios of
the D to G band (ID/IG) of GO, TRGO, and HO-G were
0.921, 0.860, and 0.876, respectively. The ID/IG of HO-G is
slightly higher than that of TRGO, indicating that the sp3

carbon increased by introducing a number of hydroxyl groups
into the graphene lattice and led to the edge distortion and
structural defects.26,33 A solid-state NMR analysis was
performed to identify the functional groups of HO-G. As
shown in the 13C NMR spectrum of HO-G (Figure S1a), the
peaks at 127, 103, 69, and 59 ppm were associated with the
sp2-hybridized carbon, lactol,34 hydroxyl, and epoxide
groups,35 respectively, while the peaks for the carboxyl and
carbonyl carbons were not observed. The 1H NMR spectrum
(Figure S1b) displayed a resonance at ca. 1.9 ppm,
corresponding to C−OH.35,36 Therefore, the NMR analysis
strongly suggested that only hydroxyl groups were presented in
HO-G.
Figure S2 presents a typical atomic force microscopic

(AFM) image of the GO, TRGO, and HO-G obtained from a
dilute solution deposited onto a silica mica. The corresponding
height profiles of the GO nanosheets (Figure S2b) reveal that
the thickness of GO was about 1.9 nm, which composed of 2−
3 layers.37 The AFM image (Figure S2c,d) of TRGO exhibited
irregular shapes with a thickness of about 2.4 nm, which
corresponded to multilayer graphene (6−7 layers),38 while the
HO-G sheet of the microscale lateral size (∼2 μm) was
observed and its thickness was around 1.9 nm (Figure S2e,f),
corresponding to three or four graphene layers,25 indicating
that TRGO layers were vigorously exfoliated under mechanical
shear forces during the preparation of HO-G. The XRD
patterns of GO, TRGO, and HO-G are presented in Figure S3.
As shown in the result of GO, a sharp characteristic peak at
12.5° was observed, which was corresponding to the (001)
reflection of stacked GO sheets.23 In contrast to GO, the result
of TRGO exhibited a broad diffraction peak (24.9°) and a
small diffraction peak (43.3°), which could be attributed to the
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(002) and (100) planes of the graphite-like structure.28 As for
the result of HO-G, it presented two characteristic peaks (25.4
and 43.7°) similar to that of TRGO, indicating that the HO-G
maintained a typical crystalline structure of graphene. A typical
transmission electron microscopic (TEM) image (Figure S4e)
shows an almost transparent flake and various wrinkles on the
planes of the HO-G sheet, which demonstrated that HO-G
had a typical 2D sheet structure, as is the case of GO and
TRGO (Figure S4a,c). The high-resolution transmission
electron microscopic (HRTEM) image (Figure S4b,d,f)
shows that the lattice spacings of GO, TRGO, and HO-G
was 0.488, 0.389, and 0.339 nm, respectively, and the lattice
spacing of HO-G was in accord with the (002) lattice plane of
graphene,39 indicating that the HO-G maintains a typical
crystalline structure of graphene. The selected area electron
diffraction (SAED) pattern of HO-G (Figure S5) exhibited a
typical diffraction ring of the (002) plane, suggesting that the
HO-G presents turbostratic stacking similar to graphene.23,31

To probe the wettability of HO-G, the HO-G film was
prepared to test the contact angle. From Figure S6, the contact
angles of GO, HO-G, and TRGO toward water were 23.74,
60.93, and 115.54°, respectively. The excellent hydrophilic
nature of GO was mainly attributed to the oxygen-containing
groups on its surface, and so it was currently extensively
employed to reinforce the cement composites,4 while poor
water wettability was observed for TRGO because most of the
functional groups were removed from the surface during the
process of thermal reduction of GO.32 Compared to TRGO,
although the wettability of HO-G has been significantly
improved because of the introduction of the hydroxyl group, it
was worse than that of GO due to the less hydrophilicity of the
hydroxyl group than that of the carboxylic group.
2.2. Dispersion Stability of HO-G. 2.2.1. Colloidal

Dispersion of Aqueous HO-G Solution. ζ-Potentials of the
aqueous HO-G solution with different concentrations (10, 30,
and 50 mg/L) were measured to be ca. −22.7, −27.3, and
−33.4 mV (Figure S7a), respectively. The potential value was
negative, probably due to the ionization of the phenolic
hydroxyl groups on the nanosheet edges and the hydrated shell
formed by hydroxyl groups on the basal sheets,17,40 which
indicated the excellent colloidal dispersion of the aqueous HO-
G solution. Figure S7b presents the absorbance value of
aqueous HO-G solutions (30 mg/L) after 5 min’s
centrifugation (1000 rpm). No significant loss in absorbance
after 5 times of centrifugation indicated the excellent colloidal
stability of the HO-G solution. Figure S8 shows the digital
photographs of aqueous 30 mg/L HO-G solution kept for 1−
30 days. After allowing to stand for 30 days, the homogeneous
solution with no obvious aggregations of HO-G was observed,
suggesting that HO-G exhibited intrinsically hydrophilic nature
and could be very stable in aqueous solution upon exposure to
visible light irradiation at ambient temperature for a long time.
Several reports showed that visible light irradiation could
induce the partial reduction of GO under ambient temperature
and thus lead to serious aggregation due to the decreased
hydrophilicity of GO.40,41 Therefore, HO-G was a better
choice than GO because its solution was more suitable to stand
for long-time for scalable production and engineering
applications. Figure S9a shows the UV−vis absorbance spectra
for aqueous GO and HO-G solutions. one can easily see that
two characteristic peaks were detected in the spectrum of the
GO solution. The band located at 230.3 nm was assigned to
the π−π* plasmon peak from the aromatic C−C bonds in the

graphene backbone,10 and another featured shoulder peak
situated at 300.6 nm corresponded to the n−π* plasmon peak,
which was not present in graphene.42 Obviously, only an
absorption peak at 255.4 nm for HO-G dispersions was
detected, suggesting the maintenance of the sp2 conjugated
aromatic graphene structure. From Figure S9b, the adsorption
intensity of the aqueous HO-G solution at 255.4 nm obeyed
the Beer−Lambert law at a HO-G concentration below 30 mg/
L,43 and thus, the absorbance at 255.4 nm was chosen as an
indicator to investigate the correlation between the absorbance
and the concentration of aqueous HO-G solution.

2.2.2. Dispersion Behavior of Aqueous HO-G Containing
Ca2+ Ions. Many studies reported that both divalent cations
and pH values showed a significant influence on the colloidal
dispersion of the GO solution.8,9 Cation valence such as Ca2+

results in the cross-linking of GO nanosheets44 and a
significant reduction of the carboxylic group on the edges of
GO at high pH.7,12 To investigate the effect of Ca2+ and the
pH value on the colloidal stability of the HO-G solution, the
dispersion behavior of HO-G was quantitatively monitored by
UV−vis spectroscopy, and the visual observation of sed-
imentation after standing for different times and the change of
the A/A0 ratio, where the A0 and A values represented the
absorbance of the solution at the initial and different time
intervals (t = 10 and 30 min), were calculated to estimate the
coagulation degree of HO-G. It was clear that the closer the
ratio value to 1, the more stable the solution and thus the less
impact of Ca2+ and pH on the colloidal stability of the HO-G
solution. As shown in Figure 2, the A/A0 ratios of HO-G in the

CaCl2 solution (0.1 mol/L, pH = 7) were 0.93 and 0.9 after
standing for 10 and 30 min, respectively. The results indicated
that the effect of Ca2+ on the stability of the HO-G solution
was slight, while GO was prone to severely aggregate in a
neutral pH environment containing Ca2+.43 When the pH of
the solution increased to 13, the A/A0 ratios were 0.95 and
0.92 after standing for 10 and 30 min, further implying that the
alkaline environment could not induce the reduction of
functional groups in HO-G. Moreover, similar phenomena
could also be observed when the pH of the solution was
adjusted to 3 and 10, respectively. All of these results indicated

Figure 2. Changes of absorbance of the HO-G solution containing
Ca2+ at different pH values.
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the remarkable colloidal stability of aqueous HO-G against
Ca2+ ions at different pH values.
2.2.3. Dispersion Stability of HO-G in Saturated CH

Solution. The dispersion stability of HO-G in the CH solution
was studied by the above-mentioned changes of absorbance
and visual observation of sedimentation. For comparison, the
behavior of GO dispersion was also investigated using the
identical procedure. Figure 3a shows the digital images of the
dispersion of HO-G and GO in CH solutions. Aggregation of
GO occurred immediately when it was introduced into the
saturated CH solution, while no obvious change was detected
for HO-G. After standing for 60 min, the supernatant solution
was almost clear for GO, while no sediments were detected for
HO-G. From the absorbance loss curves based on the results of
UV−vis for the dispersion of HO-G and GO in the CH
solution (Figure 4a), a slight reduction was observed in the
absorbance of HO-G after standing for 10 min (nearly 4.1%),
while the absorbance of GO reduced sharply (around 29.3%).
After standing for 60 min, some degradation in absorbance was

exhibited for both GO and HO-G. Compared to that of GO
(76.8%), the loss in absorbance of HO-G was 49.2%, which
was probably due to the slow reaction of phenolic hydroxyl
groups with Ca2+. Therefore, the colloidal stability of the
aqueous HO-G solution was less affected by Ca2+ in a highly
alkaline environment, which was consistent with the results of
previous experiments. Moreover, the colloidal dispersion of the
HO-G solution was hardly affected by an alkaline cement
solution at short intervals (e.g., 10 min) and this was sufficient
time for mixing mortar.
Because water-reducer PCE had been proven to have an

excellent ability to improve the dispersion of GO in the cement
slurry,10,17 the dispersion behavior of HO-G in the saturated
CH solution in the presence of PCE was also investigated.
Significantly, no obvious coagulation was observed when PCE
was added to GO solutions (Figure 3b). The absorbance losses
of GO (Figure 4b) at different standing times (10, 30, and 60
min) were 3.26, 8.93, and 13.82%, respectively. As for HO-G,
the absorbance decreased by 0.1, 0.35, and 1.41%, respectively.

Figure 3. Digital images of (a) HO-G and GO dispersions and (b) polycarboxylate superplasticizer (PCE)@HO-G and PCE@GO suspensions in
the saturated Ca(OH)2 solution.

Figure 4. Absorbance loss of (a) HO-G and GO dispersions and (b) PCE@HO-G and PCE@GO suspensions in the saturated Ca(OH)2 solution
within 60 min.
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These results indicated that the dispersion stability of GO or
HO-G in the CH solution could be obviously improved by
PCE due to the electrostatic repulsion and steric hin-
drance.17,45

2.3. HO-G Reinforced Cement Mortar. 2.3.1. Effect of
HO-G on the Workability of the Cement Mortar. As shown in
Figure 5, the fluidity of the reference sample was 220.5 mm

and when the contents of GO by the cement weight were 0.01,
0.03, 0.05, 0.07, and 0.09%, the fluidity of B0.01, B0.03, B0.05,
B0.07, and B0.09 was 214, 201, 186, 168, and 149 mm,
respectively, suggesting that the fluidity of the cement mortar
decreased sharply with the increasing content of GO. This
result was consistent with other reports.18,46 It is widely
accepted that the excellent hydrophilicity of GO allowed it to
absorb water on its surface, reducing the free water content in
the cement system and leading to degrading the fluidity of the
cement mortar.5,46 This has also been validated in the contact
angle test for GO (Figure S6). On the other hand, the chemical
cross-linking reaction between GO and Ca2+ also has a
negative influence on the workability of the cement
mortar.11,15 When HO-G was incorporated into the mortar

at dosages of 0.005, 0.01, 0.03, 0.05, 0.07, and 0.09% by weight
of cement, the fluidity of C0.005, C0.01, C0.03, C0.05, C0.07, and C0.09
was 218, 216, 211.5, 211, 210, and 208 mm, respectively. Only
a slight loss of 1.1, 2.0, 4.1, 4.3, 4.8, and 5.7% in the fluidity of
the resulting cement mortars were observed compared to that
of the reference sample (A0). This can be explained by the fact
that HO-G was less hydrophilic than GO, and thus, its ability
to entrap the free water in the fresh slurry was weaker than that
of GO, and the lack of active functional groups within HO-G
for instant cross-linking reaction with Ca2+ could effectively
avoid the formation of sediments.

2.3.2. Mechanical Properties. Because HO-G had excellent
dispersion stability in the simulated cement pore solution
according to the above analysis, it was reasonable to say that
HO-G could have a positive effect on the enhanced mechanical
properties of cement composites. The effect of HO-G on the
mechanical properties of the cement mortar was investigated.
For comparison, the mortars containing different GO contents
were examined by the identical procedure. From Table 1, the
compressive strength was promoted progressively with the
increase of the GO content from 0.01 to 0.03 wt % and then
decreased with a further increase in the GO dosage from 0.03
to 0.09 wt %. A similar trend was also exhibited in the flexural
strength with the increase of the GO content at days 3 and 28.
These results indicated that the reinforcement of GO on the
cement mortar was closely related to the filler dosage. When
the content of GO by the cement mass was 0.03%, the
compressive strength of B0.03 reached the maximum, which
increased by 15.41 and 19.60% compared to the A0 reference
mortar at days 3 and 28, respectively. The maximum
enhancements of 3- and 28-day flexural strength were 25 and
18.42% when 0.05 wt % GO was added. This indicated that the
addition of a very low dosage of GO could remarkably enhance
the mechanical properties of the cement mortar, which was in
good agreement with previous reports.20,45 For the specimens
containing HO-G, the enhancement of strength was also highly
dependent on the dosage of HO-G in the cement mortar. The
compressive strength increased with the increasing HO-G
content until the dosage of HO-G reached 0.03 wt %, which
reached the maximum value. Compared with the reference
mortar, when HO-G was added to the mortar at a content of
0.03% by cement weight, it provided additional 28.62 and

Figure 5. Fluidity of cement mortars with different dosages of GO
and HO-G by the cement mass.

Table 1. Compressive and Flexural Strength of Cement Mortars Containing HO-G or GO at days 3 and 28

day 3 day 28

samples
compressive

strengtha Mean (MPa)/changeb (%)

flexural
strengtha Mean (MPa)/changeb

(%)
compressive

strengtha Mean (MPa)/changeb (%)

flexural
strengtha Mean (MPa)/changeb

(%)

A0 31.8 ± 1.3/0 5.2 ± 0.17/0 50.5 ± 0.78/0 11.4 ± 0.22/0
B0.01 33.7 ± 1.23/+5.97 5.5 ± 0.26/+5.77 57.9 ± 1.42/+14.65 12.3 ± 0.17/+7.89
B0.03 36.7 ± 0.79/+15.41 6.2 ± 0.26/+19.23 60.4 ± 0.75/+19.60 13.4 ± 0.11/+17.54
B0.05 33.8 ± 0.36/+6.29 6.5 ± 0.06/+25 58.7 ± 1.06/+16.24 13.5 ± 0.3/+18.42
B0.07 31.9 ± 0.82/+0.31 6.1 ± 0.24/+17.31 54.9 ± 0.82/+8.71 12.7 ± 0.35/+11.40
B0.09 29.2 ± 1.25/−8.18 5.4 ± 0.17/+3.85 49.9 ± 0.67/−1.18 12.2 ± 0.08/+7.01
C0.005 33.9 ± 0.79/+6.6 5.5 ± 0.13/+5.77 56.2 ± 0.52/+11.29 11.9 ± 0.17/+4.39
C0.01 36.4 ± 0.44/+14.47 5.4 ± 0.36/+3.85 59.9 ± 0.66/+18.61 12.1 ± 0.25/+6.14
C0.03 40.9 ± 1.56/+28.62 5.4 ± 0.2/+3.85 61.2 ± 0.26/+21.19 12.3 ± 0.13/+7.89
C0.05 35.8 ± 0.95/+12.58 5.2 ± 0.18/+0 57.9 ± 0.44/+14.65 11.9 ± 0.2/+4.39
C0.07 32.6 ± 0.36/+2.52 5.1 ± 0.2/−1.92 52.4 ± 0.72/+3.76 11.7 ± 0.17/+2.63
C0.09 32.1 ± 0.82/+0.94 4.8 ± 0.26/−7.69 48.6 ± 0.2/−3.76 11.3 ± 0.2/−0.88

a Mean± standard deviation (SD). bCompared to A0.
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21.19% enhancements of compressive strength at days 3 and
28, respectively. It is worth noting that the compressive
strength of the cement mortar was enhanced greatly at a much
lower dosage of HO-G, and a more obvious reinforcement
effect of HO-G was exhibited than GO under the same content
in the cement mortar. The enhancement in the mechanical
performance of a mortar containing HO-G could be attributed
to the bridging effect offered by HO-G, which could effectively
prevent the formation of microcracks and hinder their
extension.3,47 Moreover, the compressive strength of B0.01
increased by 15.41 and 19.60% at 3 and 28 days relative to
the A0 reference mortar. Compared with the mortar containing
0.03 wt % GO, a similar enhancement on the compressive
strength of a mortar could be achieved only by the
incorporation of 0.01 wt % HO-G. This demonstrated that
the reinforcing effect of HO-G as a nanofiller was more
outstanding than GO, especially at a low dosage, due to its
remarkably homogeneous dispersion in the cement matrix.48

The lower dosage of HO-G added to cement composites not
only exhibited little negative effect on the workability of the
fresh cement slurry but also was cost-effective in reinforcing for
nanoengineered cement composites. When the HO-G content
was further increased to exceed 0.03 wt %, the compressive
strength degraded monotonously and consistently. An
excessive dosage of HO-G resulted in an adverse impact on
the reinforcement of mechanical properties due to the
overlapping and aggregation of HO-G together, which was
consistent with other reports.49 As shown in Table 1, the
flexural strength of the mortar specimens increased with
increasing the content of HO-G from 0.005 to 0.03 wt % and
then decreased with the further increase of the HO-G dosage.
When 0.03 wt % HO-G was added into the mortar, the flexural
strength of C0.03 achieved a maximum value with a growth rate
of 7.89% at day 28. Due to the adequate interfacial bonding
between GO and C-S-H hydrates,13,15,50 the enhancement
efficiency of GO on the flexural strength of the cement mortar
was more significant than that of HO-G. Despite this,
compared with the same dosage of GO, HO-G exhibited a
similar reinforcing effect to cement composites, while only a
slightly negative effect on the fresh cement slurry. Meanwhile,
for the synthesis of GO, usually the Hummers method was
adopted, where flammable and explosive chemicals (such as
H2SO4, KMnO4) were commonly used, and the purification
process was considerably time-consuming.23,24 On the
contrary, the preparation method of HO-G was facile and
environmentally friendly. Besides, several nanomaterials have
been reported to reinforce the cement composites according to
the recent literature surveyed, as shown in Table S1.
Compared with the results reported in other studies, it is
clear that a very low dosage of HO-G can greatly enhance the
mechanical properties of cement composites. As such, HO-G is
a promising reinforcing nanofiller for nanoengineered cement
composites.
2.3.4. Chloride-Ion Penetration Resistance. Durability is

one of the most important properties of cement composites,
which is gravely influenced by the transport properties of
aggressive agents (e.g., water, chloride, and sulfate).4,5 In this
study, the chloride penetrability of the cement mortar with
various HO-G contents was investigated. The chloride
penetration depth (Xd) and the non-steady-state migration
coefficient DRCM were tested by the rapid chloride migration
(RCM) at day 28. As shown in Table 2, the Xd and DRCM of
the reference sample were 18.9 mm and 7.3 × 10−12 m2/s,

when the contents of HO-G were 0.01, 0.03, 0.05, 0.07, and
0.09 wt %, the Xd and DRCM of the cement mortar were 15.1,
13.5, 13.3, 14.8, and 14.6 mm and 5.7, 5.0, 4.9, 5.7, and 5.6 ×
10−12 m2/s, respectively. These results demonstrated that the
incorporation of HO-G could remarkably decrease the Xd and
DRCM of the cement mortar. When HO-G was added to the
mortar at a content of 0.05% by cement weight, the specimen
exhibited optimum performance in the reduction of the Xd and
DRCM by 29.63 and 32.88% compared to the reference
specimen, indicating that the addition of HO-G could
effectively block the invasion of chloride by forming a more
compacted structure and strong barriers within the cement
matrix, which was attributed to the nanofiller effect of
nanosheets.39,49,51,52 This further confirmed the homogeneous
dispersion of HO-G in the cement hydration medium.

2.4. Microstructure of the HO-G-Reinforced Cement
Mortar. The capillary pore structure of cement composites
plays a decisive role in their mechanical and transport
properties.5,53 To study the effect of HO-G on the pore
structure of the mortar, the pore size distribution and porosity
for samples A0 and C0.03 were detected by the MIP test at day
28. It is widely accepted that the capillary pores in the cement
composites could be divided into large capillaries (50−10 000
nm), mesopores or medium capillaries (10−50 nm), and gel
pores (2.5−10 nm).53,54 The pores with a diameter exceeding
0.05 μm were defined as harmful pores, which corresponded to
the critical pore size and were closely related to the mechanical
and transport properties (e.g., diffusivity and permeability) of
cement composites.46,55 As shown in Figure 6a, the differential
mercury curve of A0 exhibited multipeaks in the range of 10−
10 000 nm, indicating the presence of harmful pores in the
reference mortar. In contrast, the curve of C0.03 displays a sharp
peak at a pore diameter from 0.045 to 0.05 μm and the
decreasing of the volume of large capillaries, suggesting that
the addition of HO-G could refine the pore structure of the
mortar. It could also be further verified from the comparison of
the cumulative intrusion curves in Figure 6b. Compared with
the reference sample mortar (A0), the cumulative pore volume
curve of C0.03 shifted downwards, and the volume of large
capillaries in the A0 specimen (0.0294 mL/g) was higher than
that of C0.03 (0.0223 mL/g), suggesting that the portion of
harmful pores decreased with the addition of HO-G and the
pore structure of the hardened mortar has refined. Moreover,
the total porosity of C0.03 (9.23%) was obviously degraded by
16.12% in comparison to that of A0 (11.60%). The reduction
in the total porosity of C0.03 could be due to the nanofiller
effect of HO-G, which could fill and divide the large capillaries
into finer pores.2,48 Therefore, the incorporation of HO-G
could enhance the compactness of the mortar significantly and

Table 2. Chloride Migration for Cement Mortars with
Different HO-G Contents

HO-G
contenta

(%)
Xd
b,d Mean

(mm)
DRCM

d Mean

(×10−12 m2/s)
changec

(%)

reference 0 18.9 ± 0.36 7.3 ± 0.2
HO-G blended
cement mortars

0.01 15.1 ± 0.26 5.7 ± 0.24 −21.92
0.03 13.5 ± 0.78 5.0 ± 0.47 −31.51
0.05 13.3 ± 0.24 4.9 ± 0.22 −32.88
0.07 14.8 ± 0.32 5.7 ± 0.17 −21.92
0.09 14.6 ± 0.44 5.6 ± 0.18 −23.29

aBased on the cement weight. bXd represents the chloride penetration
depth. cCompared to reference. d Mean± SD.
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finally contribute to the improvement in mechanical strength
and chloride-ion penetration resistance.
To further investigate the effect of HO-G on the

microstructure of the cement mortar, the SEM images of A0

and C0.03 at day 28 were also recorded. From Figure 7a,b of the
A0 sample, some pores, microcrack, and hydration products

could be clearly observed and the growth of hydration
products interwove with each other, which revealed a
disordered, irregular aggregation and a noncompact structure.
Compared with A0, the image of C0.03 (Figure 7c) presented a
dense structure where no obvious large holes and cracks were
observed, indicating that the addition of HO-G could

Figure 6. (a) Pore size distribution curves and (b) cumulative pore volume curves of A0 and C0.03.

Figure 7. SEM images of mortars A0 (a, b) and C0.03 (c, d) after curing for 28 days.
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effectively improve the microstructure and inhibit the crack
propagation within the cement mortar by the pore-filling effect
and the bridging effect.5,13,48,56 Figure 7d displayed a regular
structure formed by the sheetlike hydration crystals of
monosulfates (AFm) or portlandite (CH),57,58 suggesting
that the HO-G also promoted the early cement hydration
reaction and produced more hydrated crystals by its nucleation
effect.2,39,52 As discussed above, well-dispersed HO-G in the
cement matrix could significantly prevent the formation of
microcracks and hinder their extension, refine the pore
structure, and favor the growth of hydration products to
densify the microstructure of the cement mortar, leading to an
improvement in mechanical properties and chloride-ion
penetration resistance. Figure S10 presents the XRD spectra
of A0, C0.005, C0.01, C0.03, C0.05, C0.07, and C0.09 at day 28. As
shown in the result of A0, several crystal phases of cement
hydration products in the diffraction peaks were observed,
which included portlandite (CH) at 18 and 45°; ettringite
(AFt) at 34°, 50°, and 68°; tricalcium silicate (C3S) at 40°;
dicalcium silicate (C2S) at 39°; Calcarea carbonica (CaCO3) at
42°; monosulfates (AFm) at 54 and 68°; and silicon dioxide
(SiO2) at 27 and 36°, respectively. Compared to A0, there was
no obvious shift of these diffraction peaks of hydration
products in the HO-G blended cement mortars, except that
there were some changes in the intensity of some crystal peaks,
indicating that the addition of HO-G hardly affected the type
and structure of cement hydration products. With the addition
of different contents of HO-G, a clear increase in the intensity
of several crystal peaks (such as the CH at 18° and AFm at
54°) was observed, relative to those of the A0 sample,
suggesting that the process of cement hydration was
accelerated and more hydration products were produced in
the cement system in the presence of HO-G, which was in line
with the seeding effects of graphene.59 In general, the more the
hydration products, the more compact the hardened cement
mortar.60 Therefore, it can be concluded that the improvement
in mechanical properties and chloride-ion penetration
resistance could be attributed to the acceleration of the
cement hydration process by HO-G and the formation of more
hydration products.
2.5. Hydration Degree. The NEW content of different

paste samples at the age of 1, 3, and 28 days was tested to
determine the hydration degree of the cement. The NEW
content of paste samples after curing for different ages is shown
in Figure 8, and obviously, the NEW content was increased
with curing age for all of the samples. At 1 day, the NEW
content was promoted progressively with the increase of the
HO-G content from 0.005 to 0.03 wt %, then decreased with a
further increase in the HO-G dosage from 0.03 to 0.09 wt %.
When HO-G was added to a mortar at a content of 0.03% by
cement mass, the NEW content was increased by 8%
compared to that of the reference specimen. This suggested
that a certain amount of HO-G could accelerate the hydration
process of the cement paste to some degree at the early stage
so that more hydration products were formed.37 After curing
for 3 days, the NEW content of the pastes containing HO-G
was generally higher than that of the reference samples. With
the curing age increased to 28 days, a significant increase in the
NEW content of the specimen incorporation of HO-G was
observed, and its promotion was more progressive at higher
content of HO-G, indicating that the addition of HO-G
enhanced the degree of cement hydration, which was in good
accordance to the above XRD analysis.

3. CONCLUSIONS
Hydroxylated graphene (HO-G) was successfully synthesized
by facile one-step solid-state ball milling. Compared to GO, the
preparation route of HO-G was more efficient and environ-
mentally friendly and the prepared HO-G nanosheets not only
maintained the excellent properties of graphene but also
exhibited good hydrophilic nature. Meanwhile, HO-G
exhibited considerably superior dispersion stability to GO,
whether in water or cement pore solution. The addition of
HO-G could remarkably enhance the compressive strength and
chloride-ion penetration resistance of the cement mortars.
Especially, without an obviously negative effect on the fluidity
of the fresh mortar slurry, a similar enhancement in mechanical
strength could be achieved even at a much lower dosage of
HO-G because it had intrinsic dispersion stability in the
cement pore solution. Although the improvement of HO-G on
the flexural strength of the mortar was not much pronounced
than GO, the real added value in nanoengineering technology
was represented by the advancement in the combination
properties (e.g., mechanical, workability, durability) of cement
composites rather than just the existing mechanical properties.
In conclusion, this work not only extends the graphene
derivative family but also provides a new solution to develop
nanoengineered cement composites.

4. MATERIALS AND METHODS
4.1. Materials. KOH was supplied by Guangdong

Guanghua Sci-Tech Co., Ltd. Graphite oxide and GO slurry
(the solid content is 43.17%) were provided by The Sixth
Element (Changzhou) Materials Technology Co., Ltd. Cement
(P.O. 42.5R) was provided from Yonggu New-Type
Construction Material Co., Ltd. (Chongqing, China). The
chemical composition and physical properties of cement are
listed in Tables S2 and S3. The standard sand was purchased
from ISO Standard Sand Co., Ltd. (Xiamen, China). The
gradation of sand is shown in Table S4. The polycarboxylate
superplasticizer (PCE) was provided by Kezhijie New
Materials Co., Ltd. (Chongqing, China). The solid content
and water-reducing rate of PCE were 50 and 26.7%,
respectively.

Figure 8. Effect of the HO-G dosage on cement nonevaporative water
at different hydrated ages.
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4.2. Experimental Procedures. 4.2.1. Preparation of
HO-G. To increase the content of hydroxyl groups on the
graphene nanosheets, porous thermally reduced graphene
oxide (TRGO) was employed as the raw material because
many holes and defects were located within the sheets, which
provided activated carbon atoms to covalently anchor hydroxyl
groups for the solid-state mechanochemical reactions.61,62 The
synthesis process of HO-G was according to our Chinese
invention patent (Application No. 202010614203.5). First,
TRGO was prepared by the thermal reduction−exfoliation of
graphite oxide at 800 °C. Second, TRGO and potassium
hydroxide (KOH) were mixed in a mill pot and vigorously
shaken by ball milling. Next, the G-OH was obtained by
washing and filtering the resulting mixture with the deionized
water until the pH was 7. As shown schematically in Figure 9,
the nucleophilic attack of hydroxide on the TRGO resulted in
the grafting of hydroxyl groups not only on the edge of the
TRGO sheet but also bond to the carbon atom located at the
edge of in-plane pores during the vigorous balling milling
process.
4.2.2. Preparation of Cement Composites Containing HO-

G or GO. As an indispensable component in concrete
engineering, water-reducer PCE was confirmed to improve
the dispersion of GO in the cement alkaline solution.17,45,63

Before slurry mixing, aqueous HO-G or GO solution was
premixed with PCE and then ultrasonicated (UL transonic
cleaner CH-06BM, 360W) for 30 min. After that, the
nanosheet suspensions were placed in the mixing vessel and
then cement was added to the solution and stirred using a JJ-5
type cement mixer (Wuxi Jiangong Test Facility Co. Ltd.,
China) under a low speed (140 ± 5 rpm) for 30 s; the
standard sand was added to the mixture with mixing for 30 s at
the same speed and then switched to a high speed (285 ± 10
rpm) for 30 s. Subsequently, the mortar adhering to the
bottom and side of the stirring pot was scraped into the mix
when stirring was stopped for 90 s. Finally, mixing was carried
out for 60 s at a high speed. The water-to-cement ratio of all
mixtures was kept constant at 0.36. The mortar preparation
method was according to Chinese Standard GB/T 17671-
1999, and the mixed proportions of cement mortars are shown
in Table S5. GO or HO-G blended mortar composites were
named as Bx and Cx (x = 0.005, 0.01, 0.03, 0.05, 0.07, and
0.09), respectively, in which x denoted the weight percentage
of GO or HO-G based on the cement mass. After mixing, the
fluidity test of the fresh mortar was carried out according to
Chinese Standard GB/T 2419-2005. The mixture was loaded
into a conical mold (a base diameter of 100 mm, a top

diameter of 70 mm, and a height of 60 mm) in two layers.
Subsequently, the extra mortar was removed from the top until
the cone was leveled. After that, the cone mold was lifted
vertically upwards slightly and immediately initiated the
jumping table. Then, the diffusion diameters in two mutually
perpendicular directions of the mortar were measured by a
steel ruler after the table was jerked 25 times. The average
value of these two diameters gave the fluidity of the mortar.
Then, the mortar was poured into molds and compacted them
on a vibration table. The samples were demoulded after 24 h
and placed into the curing room (20 °C/RH 90%) until
testing. For each mortar mix, three 40 × 40 × 160 mm prisms
and three Φ100 × 50 mm discs were prepared. The
compressive and flexural strength of the cement mortars
were tested at ages of 3 and 28 days. The Φ100 × 50 mm discs
were tested for their chloride migration at day 28 according to
GB/T 50082-2009.

4.3. Characterization. Fourier transform infrared spec-
troscopy (FTIR) was performed using a Nicolet iS10 infrared
spectrometer (Thermo electron corporation) in the range of
500−4000 cm−1. Solid-state magic angle spinning (MAS)
NMR analysis was performed using a Varian VNMR 500 MHz
NMR spectrometer. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo Fisher ESCALAB
250Xi photoelectron spectrometer (Waltham, MA) using a
monochromatic Al KαX-ray source (hν = 1486.6 eV). The
thickness of the HO-G sheets was measured using a Bruker’s
Dimension Icon Atomic force microscope (AFM). A high-
resolution transmission electron microscope (HRTEM) was
performed using an FEI Tecnai G2 F20 field-emission
transmission electron microscope (Hillsboro, OR) at an
acceleration voltage of 200 kV. UV−vis spectra were recorded
on a TU-1901 UV−vis spectrophotometer. Malvern zetasizer
ZEN 3700 was used to measure the ζ-potential of the aqueous
colloidal nanosheets. Wettability conductivity was measured
with a HARKE-SPACA contact angle meter.
The pore structure of a hardened composite cement mortar

was characterized by MIP (MicroActive AutoPore V 9600).
After curing for 28 days, the samples were first broken into
pieces with a particle size of 1 cm, then soaked in ethanol and
stored for at least 24 h to cease further cement hydration.
Thereafter, they were dried in a vacuum oven at 80 °C for 24
h. The fracture surfaces of the composites were monitored by a
Hitachi SU8020 scanning electron microscopy (SEM). Before
the test, the sample was sprayed with gold. The X-ray
diffraction (XRD) pattern was recorded on a PANalytical
X’pert Pro powder diffractometer (PANalytical. Almelo,

Figure 9. Schematic of the synthesis of HO-G via ball milling.
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Netherlands) using Cu Kα radiation (λ = 1.5418 Å) with a
scan step of 0.013°. Powder samples of an HO-G reinforced
cement mortar were produced by grinding at an age of 28 days.
4.4. Dispersion Behavior of the Aqueous HO-G

Solution. UV−vis spectroscopy has been widely used to
evaluate the dispersion stability of GO in aqueous solution,43,64

and the dispersion degree of GO in the cement pore solution
can be indicated by measuring the absorbance in many
studies.11,43 Therefore, HO-G or GO dispersions (10 mg/L)
were first measured by a UV−Vis spectrophotometer in the
range of 200−800 nm to detect the maximum wavelength of
their solutions and the correlation between the absorbance and
the concentration of the aqueous HO-G solution was studied.
It is well known that both Ca2+ and pH have a dominant

influence on the stability of GO in a cement pore solution.12

To investigate the dispersion behavior of HO-G in an aqueous
solution containing Ca2+ ions at different pH values, 5 mL of
aqueous HO-G solution (1 mg/mL) was added to 100 mL of
CaCl2 solution (0.1 mol/L) and then magnetically stirred for 5
min at 3000 rpm. The coagulation of HO-G induced by Ca2+

was quantitatively monitored by the absorbance of the
supernatant solution at the maximum wavelength along with
visual observation of sedimentation after standing for different
times. To investigate the effect of pH on the colloidal
dispersion of aqueous HO-G containing Ca2+ ions, 10 mmol/L
HCl or NaOH was added to the solution until the pH values
were 3, 10, and 13, respectively.
4.5. Dispersion of HO-G in a Simulated Alkaline

Cement Pore Solution. It has been universally acknowl-
edged that the effectiveness of nanosheets in enhancing the
performance of cement composites should be closely related to
its well dispersion in the cement hydration medium.39,50 To
further investigate the dispersion stability of HO-G in the
alkaline cement slurry, a saturated Ca(OH)2 solution (CH)
was chosen to simulate the cement pore solution, which was
also frequently used in other studies.11,43,45,64 First, 5 mL of
HO-G or GO aqueous solution (1 mg/mL) was added to 100
mL of saturated CH solution. After being magnetically stirred
for 5 min, the aggregation behaviors of GO and HO-G were
visually observed, and the supernatant absorbance at a
maximum wavelength was also tested as an indicator to show
the stability of HO-G or GO colloidal dispersion against
different standing times in the presence of CH.
Considering that water-reducer PCE is an indispensable

component in concrete engineering,45 the dispersion behavior
of HO-G nanosheets in saturated CH solution in the presence
of PCE was also investigated. Then, 20 mL of aqueous HO-G
or GO solution (0.2 mg/mL) was premixed with 0.5 mL of
water-reducer PCE and ultrasonicated (UL transonic cleaner
CH-06BM, 360W) for 30 min. Then, two different suspensions
(labeled as PCE@GO, PCE@HO-G) were added into 100 mL
of saturated CH solution and stirred for 5 min. Finally, the
coagulation behaviors of two colloidal solutions were detected
by the change of absorbance at different time intervals.
4.6. Hydration Degree. To determine the effect of HO-G

on the hydration process of the cement composites, the
nonevaporative water (NEW) content was tested to character-
ize the hydration degree of hardened cement pastes.65 HO-G
was added into the cement paste at six different contents
(0.005, 0.01, 0.03, 0.05, 0.07, and 0.09%) by the cement
weight, and the plain cement paste without HO-G served as
the reference sample. After curing for different ages, the
samples were soaked in ethyl alcohol for 24 h and then ground

to powder until it was passed through an 80 μm sieve and then
predried at 65 °C in a vacuum oven until the weight remained
unchanged. Approximately 1−2 g of dried sample powder was
dehydrated at 1000 °C for 3 h. The NEW content was
calculated by the following formula (1)37

=
− −L m m

m
CW

(100 ) 1001 2

2 (1)

where CW is the NEW content (%), L is the cement loss of
ignition (1.25), m1 is the weight of the sample before testing
(g), m2 is the weight of the sample after testing (g).
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