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Composites based on graphene oxide (GO), reduced graphene oxide (RGO) and zinc oxide (ZnO) 
with different mass ratios (8, 100 and 600) were synthesized through the hydrothermal method at 
100 °C and used as reinforcement materials to commercial glass-ionomers cements (GIC). X-ray 
diffraction (XRD) characterization confirmed the graphite oxidation and ZnO formation as a wurtzite 
phase. Infrared spectroscopy analyses showed bands of oxygen-containing groups on the GO surface, 
which reduced after thermal treatment and RGO formation. D and G bands were observed in all 
samples synthesized, which presented morphology similar to flowers with a crystallite size of 18 nm. 
The effect on the mechanical properties of GIC after reinforcement with 0.1 wt% of RGO and 3 wt% 
of the composites was evaluated using a one-way analysis of variance (ANOVA). It was verified slight 
improvements in the hardness of GIC.

Keywords: Reduced graphene oxide, ZnO composites, glass-ionomer cement, mechanical 
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1. Introduction
Graphene has received substantial attention due to its unique 

properties such as high surface area, electron conductivity, 
chemical, and thermal stability1–3. The synthesis of graphene 
is mainly based on Hummers and Offeman method4, which 
produces graphene oxide (GO) that is reduced using chemical 
or thermal methods to form graphene or reduced graphene 
oxide (RGO)5–10. Graphene is formed by only one sheet, so 
the number of stacked sheets defines the material as graphene 
or RGO11. Graphene-based materials have textural and 
structural properties that enable the use in energy storage, 
photoreduction, supercapacitors, solar cells, drug delivery, 
adsorption, reinforcement of Al-based composites12–14 and 
filtration systems1,6,15–18. Also, graphene presents excellent 
mechanical properties (fracture toughness of 42 N/m and 
Young’s modulus of 1.0 TPa)19, biocompatibility, chemical 
stability, and favorable tribological properties by reducing 
wear and friction20.

Glass ionomer cements (GICs) represent a group of 
materials with extensive applications in dentistry and medicine: 
luting cement, restoration of deciduous and permanent 
teeth, minimally invasive restorative techniques, and bone 
substitute plates for craniofacial reconstruction21. However, 
conventional GICs present poor mechanical properties 
such as wear resistance, which limits its use to areas with 
lower stress. Several efforts have been made to improve 

its properties, such as the inclusion of metallic particles22, 
composite resins23,24, microfibers25, among others. Also, 
additives like chlorhexidine and zinc are used to improve 
antimicrobial GICs properties26,27. The antimicrobial properties 
of zinc oxide (ZnO) are extensively studied, which are 
improved by surface area, particle size, morphology, and 
surface charge28,29. Though, there are few studies about its 
effect on the mechanical properties of GICs30.

Graphene and its derivatives have been tested for 
mechanical reinforcement of certain materials in dentistry31, 
as in hydroxyapatite composites32, in calcium silicate 
cement33, in polymethyl methacrylate34–36 and glass-ionomer 
cement37,38. In these works, there were reported improvements 
in mechanical properties with the incorporation of graphene 
or its derivatives.

However, a drawback for the use of RGO in dental 
materials is its dark color. In this matter, Sun et al.38 have 
fluorinated graphene, and Zanni et al.28 have added zinc oxide 
to graphene nanoplatelets to obtain a lighter compound, but 
it was not incorporated into GICs materials.

Therefore, this work presents the evaluation of the 
properties of glass-ionomer materials after reduced graphene 
oxide/ZnO composite addition, used for reinforcement. 
The composite was obtained by hydrothermal method and 
was structural and morphologically characterized by X-ray 
diffraction (XRD), Fourier transform infrared absorption 
spectroscopy (FTIR), and scanning electron microscopy 
(FEG-SEM).*e-mail: dvargas@uerj.br
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2. Experimental

2.1. Chemicals
Graphite (Grafine 996100, kindly provided by 

Nacional de Grafite, Brazil), sulfuric acid (H2SO4 95 wt%, 
VETEC), potassium permanganate (KMnO4, 99 wt%, 
ISOFAR), sodium nitrate (NaNO3, 98 wt%, ISOFAR) and 
hydrogen peroxide (H2O2, 30 wt%, ISOFAR), zinc nitrate 
hexahydrate (Zn(NO3)2.6H2O, 98 wt%, VETEC) and urea 
(CH4N2O, 99 wt%, VETEC). Commercial GICs (Vidrion R, 
SS White, Rio de Janeiro, Brazil).

2.2 Synthesis of graphene oxide (GO) and 
reduced graphene oxide (RGO)

Firstly, graphite was treated with an HCl solution 
(5 wt%/v). Then, it was filtered and washed with distilled 
water repeatedly to remove impurities. Finally, it was dried at 
100 °C for 12 h. The modified Hummers method4 was used 
for the GO synthesis. Briefly, graphite (0.2 g) previously 
treated was mixed with NaNO3 (0.25 g) and H2SO4 (11.5 mL) 
under magnetic stirring, at 0 °C. Then, KMnO4 (1.5 g) was 
added in small portions, keeping the temperature under 
10 °C. After that, the temperature was raised to 35 °C and 
maintained for 2 h. Distilled water (80 mL) was added in 
small portions, and the temperature increased to 90 °C for 
30 min. The suspension was cooled to 20 °C, followed by 
the addition of 60 mL of H2O2 (10 wt%/v). The suspension 
was stirred 60 min. GO was separated by centrifugation and 
washed three times with hydrogen peroxide (10 wt%/v) and 
H2SO4 (5 wt%/v), followed by washing with distilled water 
until pH 6. After, it was filtered in a 0.45 μm Nylon membrane 
and dried at 50 °C39. RGO was produced by thermal reduction 
of GO. The GO was dried at 150 °C for 3 h, and then it was 
calcined at 600 °C for 1 min with a heating rate of 30 °C/min 
in a muffle furnace in air atmosphere. The resulting RGO 
was sieved to obtain a uniform granulometry.

2.3 ZnO and ZnO-composites synthesis
Pure ZnO, ZnO/GO composite with a mass ratio of 8, and 

ZnO/RGO composites with mass ratios of 100 and 600 were 
synthesized through the hydrothermal method, using urea as 
the precipitating agent. GO, or RGO was dispersed in 20 mL 
of deionized water with stirring followed by ultrasonication for 
30 min. The required amount of Zn(NO3)2.6H2O and urea (four 
times the molar quantity of Zn2+) were solubilized in 80 mL 
of deionized water and mixed with GO or RGO suspension 
for 30 min under magnetic stirring. This suspension was 
transferred to a PTFE autoclave reactor and heated at 100 °C 
for 18 h. After, the solid obtained was filtered and washed 
with deionized water until neutral pH. It was dried at 50 °C 
for 12 h and calcined at 400 °C for 5 h, with a heating rate 
of 10 °C/min. The samples were named as “ZnO/RGOx,” 
where x means the mass ratio of ZnO/RGO or ZnO/GO.

2.4 Glass ionomer reinforcement
Commercial GICs are composed of powder and liquid 

before use. The main components of the powder are silicon 
oxide, calcium chloride, sodium fluorosilicate, aluminum 
phosphate, and lyophilized polyacrylic acid. The liquid consists 

of tartaric acid and deionized water. The reinforcement was 
made with RGO in the proportion of 0.1 wt%, and with ZnO, 
ZnO/GO8, ZnO/RGO100 and ZnO/RGO600 in the proportion 
of 3 wt% (Table 1). The different percentage of RGO added 
to the GIC was limited by experiments on the final color to 
keep it as close as possible to the pure GIC color, as shown 
in Figure 1. These composites were mixed with GIC powder 
using an amalgamator for 10 seconds. Then, it was mixed 
with the liquid following the manufacturer’s instructions.

2.5 Characterization
Fourier transform infrared absorption spectroscopy (FTIR) 

was performed in transmission mode using a spectrometer 
Spectrum One (Perkin Elmer), in the range of 2000 to 400 cm-1, 
resolution of 4 cm-1 and 20 scans. The samples were diluted 
in KBr in the proportion of 2:300 (sample: KBr), and the 
KBr pellet was used as a reference.

The field emission scanning electron microscopy 
(FEG-SEM) was performed in a Jeol microscope model 
JSM-7100F, using an acceleration voltage of 15 kV, 
and without metallic covering. X-ray diffraction (XRD) 
measurements were performed using a Rigaku Miniflex II 
diffractometer with Cu-Kα radiation (λ = 1.5405 Å). XRD 
data were collected in the range between 5º < 2θ < 70º and 
step size of 0.05º.

For the Laser Raman spectroscopy (LRS) analyses was used 
a LabRAM HR800 (Horiba-Jobin Yvon) micro-spectrometer, 
He-Ne laser (632 nm), CCD detector, and an OLYMPUS 
microscope, model BX41. The measurements were taken 
with 10 s beam exposure time, and 10 accumulations.

2.6 Mechanical Tests
The mechanical properties analyzed were compressive 

strength (CS), diametral tensile strength (DTS), and Knoop 
microhardness (KHN). Cylindrical specimens were prepared 
in Teflon molds, with dimensions of 4 mm diameter by 
6 mm length, 6 mm diameter by 3 mm length and 6 mm 
diameter by 3 mm length, respectively.

The molds were slightly overfilled and covered with 
mylar strips. A glass plate was used to compress the surface 
for 10 min, and then stored at 37 °C in a humid environment. 
After 24 h, the specimens were polished with a 1,200-grit 
silicon carbide paper (Buehler, Lake Bluff, IL, USA) until 
the excesses been removed. Twenty-five specimens of each 
material were prepared, and the Knoop hardness test was 
performed after 24 h on a hardness test machine (Shimadzu 
Micro Vickers Hardness Tester HMV-G), with 25 g load 
and 30 s dwell time. Five indentations were made on each 
specimen.

Table 1 - Glass ionomer reinforced samples.

Sample Reinforcement Proportion (wt%)
G1 - -
G2 ZnO 3
G3 RGO 0.1
G4 ZnO/GO8 3
G5 ZnO/RGO100 3
G6 ZnO/RGO600 3
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Mechanical testing of specimens was performed on a 
screw-driven machine (DL 10.000, EMIC, São José dos 
Pinhais, PR, Brazil) with a crosshead speed of 0.5 mm/min 
for the CS and DTS measurements. The sample sizes were 
n = 15.

2.7 Statistical analysis
One-way analysis of variance (ANOVA) followed 

by Tukey’s post hoc comparison test was used to test 
differences between groups at the level of significance of 
p < 0.05 (SPSS 23, SPSS, IBM Corp.).

3. Results and Discussion

3.1 RGO and ZnO composites characterization
FTIR spectrum of the synthesized GO presented in Figure 2 

shows bands related to oxygenated groups: C=O at 1734 cm-1; 
C-OH at 1400 cm-1; and C-O at 1070 cm-1, confirming 
the oxidation of graphite39,40. For RGO, it was observed a 
decrease in the intensity of these bands, due to the reduction 
process. FTIR spectrum of ZnO and ZnO composites with 
GO and RGO are very similar. Noticeable are the bands 
at 571 and 415 cm-1 correlated to the zinc oxide40.

The x-ray diffraction pattern of GO (Figure 3) presents 
a characteristic profile of a lamellar material. The peak 
at 2θ = 10.85° corresponds to an interlayer distance 
(d) of 0.814 nm, which is related to the introduction of 
oxygenated groups, confirming the oxidation process39,40. 
In the RGO sample, the peak at 10.85° disappears, which 
characterizes the reduction process, and a broad peak at 
2θ = 25.5° appears, corresponding to an interlayer distance 
of 0.349 nm39,41. The diffraction pattern of synthesized ZnO 

Figure 1. Glass ionomer powder with RGO in the proportion of 0.1% (A) and 3% (B); samples of pure GIC and test GIC with RGO in 
the proportion of 0.1% and 3% after cure (C).

Figure 2. FTIR spectra of synthesized GO, RGO, ZnO, and composites.

Figure 3. XR diffraction patterns of synthesized GO, RGO, ZnO, 
and composites.
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matches the standard of hexagonal wurtzite (PDF#36-1451). 
The calculated crystallite size using Scherrer’s equation 
is 18 nm (2θ = 36.2°). ZnO/GO8, ZnO/RGO100 and 
ZnO/RGO600 diffractograms are very similar to pure ZnO 
diffractogram, and any peak related to GO or RGO were 
observed, which should be attributed to the small amount 
of these compounds in the composites.

The morphology of the samples obtained by FEG-SEM 
analyses is presented in Figure 4. The micrography of GO 
(Figure 4a) shows a sheet with wrinkles and folds, which 
is due to the interaction of oxygen groups present on the 
surface39. RGO exhibits a change in the morphology, caused 
by the reduction process. It is observed a plane surface with 
sharp edges (Figure 4b). The GO reduction causes a restack 
of the sheets, as evidenced by an interlayer distance of 
0.349 nm, which is attributed to the decrease in the number 
of oxygen-containing groups present between the GO sheets. 
The value calculated for the number of restacked layers was 
eight and confirmed the formation of reduced graphene oxide42.

Concerning to ZnO and the composites, in general, 
the morphology of the zinc oxide was predominant for all 
the samples (Figure 5), and it should be due to the high 
content of the oxide. The ZnO morphology depends on 
the conditions used in the preparation method, and it could 
form nanorods, nanoflowers, nanoneedles, nanodisks43–45. 
During the hydrothermal synthesis used in the present study, 
there was the hydrolysis of urea with a slow-releasing of 
OH- and CO3

2- ions (Equations 1-3). These species react 
with Zn2+, leading to the precipitation of a zinc hydroxide 
carbonate (Equation 4). With heat treatment at 400 °C, this 
precursor is converted into ZnO and forming H2O and CO2 
(Equation 5)45–49.

( )2 2 3 22CO NH H O 2NH CO+ → +  (1)

2
2 2 3CO H O CO 2H− ++ → +  (2)

3 2 4NH H O NH OH+ −→⋅ +  (3)

( ) ( )2 2
3 5 36 25Zn 2CO 6OH Zn OH CO+ − −+ + →  (4)

( ) ( )5 3 2 26 2Zn OH CO 5ZnO 3H O 2CO
∆
→ + +  (5)

In this work, we obtained an oxide with flower-like 
morphology and nanostructured petals (Figure 5a-b). 
For ZnO/GO8 sample, the sheets of GO were not evident in the 
micrography probably because they are skinny (Figure 5c-d). 
The ZnO/RGO100 presents bigger particles than ZnO/GO8, 
with the same flower-like morphology (Figure 5e); however, 
in this sample, it was possible to observe RGO sheets 
together with ZnO particle (Figure 5f). The ZnO/RGO600 
sample showed the same characteristics of ZnO/RGO100 
(Figure 5g-h). These results are in accordance with XRD, 
where the ZnO phase was predominant and well ordered.

Therefore, the results confirmed the formation of the 
composites where the zinc hydroxide carbonate formed 
during the hydrothermal synthesis anchored in GO or RGO 
sheets through the oxygenated groups on the surface40,50,51 
and growing up forming the flower-like morphology.

The Raman spectra of GO and RGO (Figure 6a) 
show D (1336 cm-1) and G (1590 cm-1) bands, corresponding 
to carbon-carbon vibrations that are actives in the presence of 
defects and Csp2 bonds, respectively52–54. The ratio ID/IG that is an 
indication of defects had a value of 1.01 for GO and 1.16 for RGO, 
which suggests a decrease in the sp2 domains, and confirms 
the reduction of GO50. Concerning to ZnO and the composites 
(Figure 6b), it was observed that ZnO spectrum shows 
peaks at 438 cm-1, corresponding to E2 (high) mode of the 
wurtzite structure; at 332 cm-1, due to 3E2H-E2L phonon 
mode; at 381 cm-1, corresponding to A1T mode related to 
the structural order-disorder in the lattice; and at 1108 cm-1, 
which corresponds to 2A1 (LO) and 2E1 (LO) modes of the 
Brillouin zone of ZnO45,52,55. The composites ZnO/GO8 and 
ZnO/RGO600 presented the bands of D and G vibrational 
modes related to GO and RGO along with the bands of the 
zinc oxide phase. Also, the Raman results were complementary 
to the XRD, once showed the presence of the carbon and 
zinc phases in the composites, which was not observed in 
the XRD results (Figure 3).

3.2 Mechanical tests
GIC is a brittle restorative material and often fails by 

the voids and cracks in the matrix. The reinforcement by 
fillers seems to be a viable option to improve its mechanical 
performance and extend its longevity and indications. Other 
previous studies showed that graphene and its derivatives 

Figure 4. FEG-SEM images of GO (A); and RGO (B).
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Figure 5. FEG-SEM images of: ZnO (A, B); ZnO/GO8 (C, D); ZnO/RGO100 (E, F); and ZnO/RGO600 (G, H).

Figure 6. Raman spectra of GO and RGO (A), and ZnO, ZnO/GO8 and ZnO/RGO600 (B).
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could enhance the physical and mechanical properties of 
cementitious products33,38,56. There is some hypothesis to 
explain the enhancement of mechanical properties, but the 
more suitable refers to the crack branching mechanism which 
is composed of four distinct aspects: crack bridging, pull-out, 
crack deflection and crack tip shielding57. The crack-bridging 
occurs when ZnO/GO bridges the opposite surface or crack 
and alleviates the force of crack propagation. The pull-out 
mechanism happens when the shear force is larger than the 
interface strength, so the friction between graphene and 
matrix hamper their relative motion. The cement matrix 
requires more energy to cause the nano-filler to pull out. 
The crack deflection is related to the 2D nanosheet structure 

of graphene that can transfer the stress on graphene to another 
graphene sheet, and it generates a tortuous path for crack 
propagation, which dissipate much more energy. The tip 
shielding mechanism says that, when a crack propagates 
to graphene, it is restricted to the vicinity of the graphene 
sheet because the energy is insufficient to create a gap in 
the interface.

Table 2 present the results of each group. Tables 3, 4, and 5 show 
the groups without significant difference through homogeneous 
subsets for compressive strength (CS), diametral tensile 
strength (DTS), and Knoop microhardness (KHN), respectively.

The synthesized materials show different behavior 
in mechanical testing when compared to pure GIC (G1). 

Table 2 - Results of KHN, CS, and DTS of each group.

G1 G2 G3 G4 G5 G6 ANOVA
P

KHN 38.47 (2.44)* 41.15 (1.14) 39.99 (1.29) 40.8 (0.65) 40.56 (0.92) 40.48 (0.83) 0.00
CS (MPa) 59.57 (10.76) 56.31 (8.2) 53.33 (6.58) 39.82 (6.1) 48.52 (13.09) 55.67 (4.14) 0.00
DTS (MPa) 10.92 (1.58) 9.32 (2.33) 11.59 (2.37) 9.01 (1.51) 7.51 (2.36) 10.61 (4.05) 0.00
* Average and standard deviation

Table 3 - Means of compressive strength (CS) for groups in homogeneous subsets.

CS (MPa)

GROUP N
Subset for alpha = 0.05

1 2 3

Tukey HSDa

4 15 39.82
5 15 48.53 48.53
3 15 53.34 53.34
6 15 55.67 55.67
2 15 56.31 56.31
1 15 59.57

Sig. 0.077 0.150 0.371

Table 4 - Means of the diametral tensile strength (DTS) of groups in homogeneous subsets.

DTS (MPa)

GROUP N
Subset for alpha = 0.05

1 2

Tukey HSDa

5 15 7.52
4 15 9.01 9.01
2 15 9.32 9.32
6 15 10.62
1 15 10.92
3 15 11.59

Sig. 0.372 0.066

Table 5 - Means of Knoop microhardness (KHN) of groups in homogeneous subsets.

KHN

GROUP N
Subset for alpha = 0.05

1 2 3

Tukey HSDa

1 25 38.47
3 25 40.00
6 25 40.48 40.48
5 25 40.57 40.57
4 25 40.80 40.80
2 25 41.16

Sig. 1.000 0.296 0.488
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Although G3 presented the highest DTS values, there was 
no statistical difference from G1. For CS, the best results 
were observed for G1. The differences between the groups 
were either not statistically significant or, when they were, 
insufficiently consistent to conclude the optimal composition. 
Probably the results obtained will serve as a basis for new 
formulations. Only KHN showed significant improvement 
for all 5 groups when compared to G1.

Nevertheless, this difference is not clinically impactful, 
as it would not significantly improve the material properties, 
which could broaden its indications for use. Only KHN 
showed significant improvement for all 5 groups when 
compared to G1. The small amount of RGO or GO used in 
the reinforced GICs might explain these modest changes.

4. Conclusions
The syntheses of the studied materials resulted in 

the formation of a GO with an interlayer distance (d) of 
0.814 nm, characteristic of lamellar structures, and sheets 
with wrinkles and folds morphology. After reduction, the 
sheets restacked and formed RGO. Nanostructured Zinc oxide 
as a wurtzite phase was formed with crystallite size with 
18 nm and morphology similar to flowers. The ZnO/RGO 
composites presented the same structural and morphological 
characteristics as pure ZnO, independent of the ZnO/RGO 
ratio. The GO and RGO sheets acted as a seed to anchor the 
zinc hydroxide carbonate formed during the hydrothermal 
synthesis and growing up forming the flower-like morphology.

The incorporation of different graphene composites 
contents induced to slight improvements in hardness. Although 
promising, the incorporation of graphene to reinforce the 
structure of the GIC should be better studied to obtain the 
synthesis of material with better general properties, and that 
extend its possibilities of use.
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