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Improving the mechanical behavior 
of reduced graphene oxide/
hydroxyapatite nanocomposites 
using gas injection into powders 
synthesis autoclave
Hassan Nosrati1, Rasoul Sarraf-Mamoory1 ✉, Dang Quang Svend Le2, Reza Zolfaghari Emameh3, 
Maria Canillas Perez4 & Cody Eric Bünger2

In this study, we show the synthesis of reduced graphene oxide/hydroxyapatite (rGO/HA) composites 
using a hydrothermal autoclave with argon-15% hydrogen gas injection. This both increases the 
hydrothermal pressure and uses hydrogen as a reductive agent in the process. The synthesized powders 
were then consolidated with spark plasma sintering method. The analysis of the consolidated samples 
included Vickers Indentation technique and cell viability. The results showed that injected gases in the 
autoclave produced powders with a higher crystallinity compared to synthesis without the gases. Also, 
hydrogen gas led to increased reduction of GO. The microscopic analysis confirmed existing graphene 
sheets with folding and wrinkling in the powders and indicated that various preferential directions 
played a role in the growth of hydroxyapatite crystals. The results showed that in general, graphene 
sheets increased the mechanical properties of HA. In the samples synthesized with injected gases, 
this increase was more significant. Interface analysis results indicate that reduced graphene oxide 
(rGO)/HA interface is likely coherent. These nanocomposites were biocompatible and showed some 
hydrophobicity compared to pure HA.

Hydroxyapatite (HA), a member of the calcium phosphate family, is one of the most valuable biomaterials used in 
orthopedics1. The unique properties of HA include excellent bioactivity, osteoconductivity, and biocompatibility. 
The chemical formula of this ceramic is Ca10(PO4)6(OH)2, in which the ratio of calcium to phosphate is 1.67, and 
the crystalline structure of HA is similar to the inorganic part of the human skeletal system. HA has a variety 
of uses other than orthopedic applications2–5. In recent years, additional researches have been done on calcium 
phosphates, which indicate the specific value of these ceramic structures6–9. Despite the excellent biomaterial 
properties the poor mechanical behavior of HA has limited its application scope. These mechanical properties 
include brittleness, fracture toughness, and wear resistance, which are important in applications as implants10–12.

With the advent of nanotechnology and advanced synthesis methods, the mechanical properties of HA have 
improved somewhat by decreasing their particles size and morphologies such as nanorods and nanotubes13–15. 
But this improvement is not enough for applications as implants, and the mechanical properties of HA still need 
to be increased by adding a reinforcement phase16,17. Of all the materials used, carbon nanomaterials such as 
nanotubes18,19 and graphene20 have recently received much attention and among the carbon materials, graphene 
and its derivatives have gained more research because of their unique properties. Graphene has a honeycomb-like 
structure. Graphene sheets are as thick as a carbon atom. The atoms in the graphene structure are combined with 
the sp2 hybrid21–23. The mechanical properties of graphene are very interesting, which include the elastic modu-
lus of 1 TPa and the fracture strength of 130 GPa24,25. The high reinforcing properties of graphene are due to the 
two-dimensional structure with high specific surface area of 2630 m2g−1 26. Graphene, having good biological 

1Department of Materials Engineering, Tarbiat Modares University, Tehran, Iran. 2Department of Clinical Medicine, 
Aarhus University, Aarhus, Denmark. 3Department of Energy and Environmental Biotechnology, National Institute 
of Genetic Engineering and Biotechnology (NIGEB), 14965/161, Tehran, Iran. 4Instituto de Cerámica y Vidrio, CSIC, 
Madrid, Spain. ✉e-mail: rsarrafm@modares.ac.ir

OPEN

https://doi.org/10.1038/s41598-020-64928-y
mailto:rsarrafm@modares.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-64928-y&domain=pdf


2Scientific Reports |         (2020) 10:8552  | https://doi.org/10.1038/s41598-020-64928-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

properties, has been extensively studied in biological applications, including drug delivery27, biosensing28, tissue 
engineering29, and bioimaging30.

Several researches have been published on the use of graphene to improve the mechanical and biological 
properties of HA and the results of these studies have shown that graphene has greatly enhanced the properties of 
HA31–34. Graphene-HA composites are fabricated in various methods. Some of these methods include hydrother-
mal process32,35, electrochemical deposition technique36,37, sonochemical treatments38, biomineralization39, and 
self-assembly40. Some methods are more suitable for coating. In some methods, such as hydrothermal, the hybrid 
powders are first synthesized and subsequently consolidated by spark plasma sintering (SPS)41–43 or hot pressing 
method33,44. Among these methods, the hydrothermal process is very convenient for easier control and the ability 
to synthesize hybrid powders by in situ method45,46. When other solvents are used beside water, this process is 
called solvothermal method47. Graphene oxide is mainly used in this method. Due to the presence of functional 
agents on the surface of graphene oxide, nucleation and growth of HA crystals are easily accomplished. In the 
hydrothermal method, high temperature and process time cause the graphene oxide to reduce. This also causes 
the HA particles to form nanorods on the graphene oxide surface48,49. With the reduction of graphene oxide, 
its mechanical properties improve. Different methods are used to increase the reduction rate including adding 
chemicals such as ethylene glycol33, and injecting hydrogen or nitrogen gas into a hydrothermal autoclave50–53. 
Increasing hydrothermal pressure increases the crystallinity of HA54 and increases the rate of graphene oxide 
reduction45.

In this study, a hydrothermal method was used to synthesize reduced graphene oxide- HA nanocompos-
ite powders under the Ar-15% H2 mixed gases injection condition. Pure HA was previously synthesized under 
this condition, and increased pressure by injecting this mixture of gases increased the mechanical properties 
of HA54. The presence of hydrogen gas in this mixture is now exploited to increase the rate of graphene oxide 
reduction. After the powders were synthesized and characterized (X-ray diffraction, field emission scanning 
electron microscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, and high-resolution trans-
mission electron microscopy), spark plasma sintering (SPS) was performed and the samples were subjected to 
mechanical and biological assays. It is expected that the combination of the above methods will make the final 
nano-structured composite suitable for orthopedic applications.

Experimental
The primary chemicals used in this study, along with their specifications, are presented in Table 1. The initial 
solution (S1) was first prepared (diethylene glycol + dimethyl formamide + deionized water with a volume ratio 
of 10: 10: 80) and the following steps were performed in order. The solution containing Ca+2 (4.7 grams of calcium 
nitrate tetrahydrate in 120 mL of S1) was added dropwise to a 20 mL stirred suspension of GO (HA/1.5% rGO) 
with stirring continued for 1 h. The solution containing phosphate ions (1.56 grams of diammonium hydrogen-
phosphate in 80 mL of S1) was dropwise added to the solution. The pH of the solutions was adjusted to >10 with 
ammonium solution. The resulting solution was poured into the Teflon (PTFE) vessel and transferred to the auto-
clave. The hydrothermal process was carried out for 8 h at 180 °C by injection of nitrogen gas at 0, 5, and 10 bar 
(The volume of the PTFE container was 340 mL). The powders were dried at oven for 12 h at 60 °C. The resulting 
powders were sintered after drying and ball milling (250 rpm, 12 h)46,48,49.

Figure 1 shows the hydrothermal system used in this research, load-displacement, and indentation affected 
zone. Descriptions of this system (Fig. 1a) have already been published54.

Evaluation of the consolidated samples.  The powders were consolidated via SPS, as previously 
reported54, at a temperature of 950 °C. Exactly similar to the previous report, the biocompatibility assays were 
performed54.

To calculate the relative density of sintered samples the Archimedes method was used. In this method, wet 
weight, dry weight and immersed weight with a precision of 0.0001 were measured and the Archimedes ratio was 
used for relative density calculations (ASTM C373-88)54.

Vickers indentation.  Instrumented microindentation experiments (Grindosonic tester with a Vickers tip) 
were conducted on the polished surfaces of samples at a maximum load of 2 N and ramp dwell time of 10 s. Nine 
tests were performed at different locations of each sample. Elastic modulus and hardness were calculated from 
the load-displacement curves (Fig. 1b) using Oliver-Pharr method55. The modified Antis method was used to 
evaluate the fracture toughness (K1C) of the samples (Eq. 1)56:

Chemical Specification

dimethyl formamide (DMF) Sigma Aldrich (> 99.8%), (CH3)2NC(O)H

graphene oxide (GO) Abalonyx (25 g/L DMF), COxHy

diethylene glycol (DEG) Sigma Aldrich (99%), (HOCH2CH2)2O

calcium nitrate tetrahydrate Merck (> 99%), Ca(NO3)2.4H2O

diammonium hydrogenphosphate Merck (> 99%), (NH4)2HPO4

ammonium solution Merck (25%), NH4OH

Table 1.  The primary chemical used in the powders synthesis phase.

https://doi.org/10.1038/s41598-020-64928-y


3Scientific Reports |         (2020) 10:8552  | https://doi.org/10.1038/s41598-020-64928-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

λ= . .. .K C W W P C1 ( / ) ( / ) (1)t e
0 5 1 5

Wt is the area below the load-displacement curve and We the area below the unloading curve which corresponds 
to the elastic deformation. The energy Wt is the total of elastic and plastic deformation (We and Wp respectively). 
λ is a dimensionless constant is close to 0.0498 for Vickers tip. C is the average crack length and P is the applied 
force. The use of experimental parameters is the major advantage of this method; it is easy to calculate when using 
instrumented indentation.

Characterization techniques.  Different evaluation methods have been used in this research, some of 
which are described below. The other instruments used to characterize the samples include inductively cou-
pled plasma (ICP) (DV7300, Optima Co.), X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI), 
FESEM (SIGMA VP-500, ZEISS), and TEM (CM120, Philips). ImageJ 1.52d and Diamond 3.2 softwares were 
used in this study.

X-ray diffraction.  X-ray diffraction (XRD, X′ Pert Pro, Panalytical Co.) was used to determine the phase constit-
uents of the samples, contained a detector Cu Kα radiation (40 kV, 40 mA, λ = 1.5406 Å) and 2 theta from 10° up 
to 80° in steps of 0.02°. Equation 2 was used to estimate the crystallinity of HA (Xc)57.

= −
ν

X 1
I (2)c

(112/ 300)

300

Where υ(112/300) and I300 are the intensity of the hollow between diffraction peaks of HA in the planes (300) and 
(112) and the intensity of the peak of HA in the plane (300), respectively. Equation 3 was used to calculate the 
crystallite size (Williamson-Hall method)58.

β θ ε θ. =
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In this equation, d, θ, and λ are grain size, Bragg diffraction angle, and wave length of used X-ray (Cu), respec-
tively. β and ε are full width at half height (FWHM), and crystalline lattice strain, respectively.

Field emission scanning electron microscopy.  Field emission scanning electron microscope (FESEM, Hitachi 
S4700 equipped with energy dispersive X-ray spectroscopy) and a portable scanning electron microscope (SEM, 
TM-1000) were used to observe the morphology of samples (mounted in an adhesive carbon film and Au coated 
by sputtering for its observation).

Figure 1.  (a) hydrothermal system used in this research, (b) load-displacement, and indentation affected zone.
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Fourier transform infrared spectroscopy.  Fourier transform infrared spectroscopy (FTIR, VERTEX 70, Bruker 
Corp.) was used to identify the functional groups of the samples (resolution of 4 cm−1, spectral region from 400 to 
4000 cm−1 using 2 cm−1 steps, scan number of 8). The samples were prepared and mixed with potassium bromide 
(1 mg powdered samples and 300 mg KBr). The mixture was pressed into discs by applying 200 MPa pressures 
(1 mm thickness). The spectra were collected at room conditions (60% relative humidity, 25 °C)48,49.

Raman spectroscopy.  Raman spectroscopy (Renishaw inVia spectrometer) was used in the range of 300–3500 cm−1,  
recording 5 times for 10 seconds of each accumulation, with a wavelength of 532 nm, green laser line in a backs-
cattering configuration using a microscope (100× objective, 100% power, an acquisition time of 10 s), which had 
been excited from an argon ion laser. The samples were subjected on Al foil in order to remove the fluorescence 
background48,49.

High-resolution transmission electron microscopy.  High-resolution transmission electron microscopy (HRTEM, 
TALOS F200A with a twin lens system, X-FEG electron source, Ceta 16 M camera and a super-X EDS detector) 
was used to observe atomic structure of the samples and spatially resolved elemental analysis, with a spatial res-
olution higher than 2 nm (using TALOS microscope in STEM mode, exposure times of 5 minutes were used to 
create elemental distribution maps). High angle annular dark field detector (HAADF) was used to obtain STEM 
images (RG overlays of the STEM EDX elemental maps were made using the FIJI). To study the atomic structure, 
fast fourier transform (FFT) and inverse fast fourier transform (IFFT) analysis were used48.

Results and discussion
Figure 2 shows the XRD patterns and FESEM images of rGO-HA (P10) powders. According to the XRD pattern 
of the synthesized powders (Fig. 2a), full conformity is achieved between the peaks obtained and the reference 
standard of pure HA (JCPDS 09-0432)45,54. Accordingly, the HA has a high purity hexagonal structure. In other 
words, the XRD pattern of the rGO-HA powders is quite similar to pure HA. According to studies, graphene 
oxide has a peak in the range of 2theta = 1048. After reduction of graphene oxide, this peak is removed and a new 
one appears around 2theta = 26. This peak is much weaker and wider than the HA (002) peak due to the amor-
phous structure of rGO. Therefore, the rGO peak is covered by the HA (002) peak which is highly intensified due 
to its high crystallinity. Table 2 shows the specification of the HA scatter planes obtained. According to the XRD 
pattern (002), (211), and (300) planes are the main growth planes in HA crystals where, (002) and (300) planes 
are perpendicular. It is clear that injection of a gas mixture of and thus an increase in total autoclave pressure will 
increase the crystallinity from 75% (P0) to 86% (P5), 89% (p10) (Eq. 2) and average crystallite size from 32 nm 
(P0) to 43 nm (P5), 50 nm (P10) (Eq. 3). Increasing the pressure has increased the intensity of the peaks in some 
directions and decreased in some directions. In the direction of the (002) plane, the injection of gas has reduced 
the peak intensity (Fig. 2b), but in case (211) and (300) planes the peak intensity has increased (Fig. 2c). Probably 
due to the increase in pressure applied, the growth of crystals in directions <211> and <300> has continuously 
increased, and this increase in pressure in direction <002> has first reduced the growth rate and then increased 

Figure 2.  (a–c) XRD patterns and (d,e) FESEM images of rGO-HA powders (P10).
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it. For this reason, increasing the intensity of the peaks in the <211> and <300> directions is regular, but in the 
<002> direction it is irregular. Due to the increase in pressure with gas injection, the growth rate in directions 
<211> and <300> has increased more than direction <002>, and with the further increase of this pressure, the 
growth rate has increased in all directions. The peaks are somewhat sharper in the samples that have been synthe-
sized in the presence of injected gas. Also, the peaks have been transmitted slightly to the right, which is probably 
due to increased pressure from the gas injection. Increasing the crystallinity in the use of injected gas caused the 
HA to be synthesized with a more precise stoichiometric ratio. As shown in the FESEM image (Fig. 2d,e), the 
graphene sheets (rGO) are wrinkled and folded while the HA particles are stuck on their surfaces, between them, 
and on the edges. The HA particles have agglomerated in some places. It is clear that morphology of these parti-
cles is nanorod shaped. These nanorods are less than 50 nanometers in diameter but have longitudinal variations. 
As with similar reports previously published, here is the direction of the growth of nanorods in the C-axis33,46,49.

Figure 3 shows the TEM images, HAADF image, EDS analysis, elemental map of calcium, phosphorus, 
carbon, and oxygen for the synthesized powders with the presence of injected gas (P10). Figure 3a shows the 
high-density of HA particles at the edges of the folded graphene sheets. The size of the HA particles is very fine 
and their morphology is in the form of rod and prism (Fig. 3b), indicating that there are preferential growth 
directions in the case of gas injection mode. The TEM images also show that there is a particles size distribution. 
Smaller particles of HA have remained on the graphene surface due to stronger contact when preparing the 
samples. Also, these particles have pores due to the polycrystalline structure of HA and the presence of gases. 
ICP analysis of the residual solution was performed after the hydrothermal process (The findings showed that the 
amounts of calcium and phosphorus remaining in the solution were very low and negligible). Due to the ratio of 
calcium to phosphate in the input chemicals was 1.67, the ratio of calcium to phosphate in the synthesized pow-
ders is about 1.67. EDS analysis confirms the presence of trace elements (Fig. 3c–h). Elemental maps show that 
trace elements are homogenously distributed in the powders (P10)49.

Figure 4 illustrates the HRTEM image with the FFT and IFFT analysis of composite powders, which is syn-
thesized in the presence of injected gases (P10). Three areas were considered in the HRTEM image (Fig. 4a). As 
the analysis of region A shows (Fig. 4b,c), the HA particles grow along the (211) planes and show a d-spacing of 
0.28 nm. But in area C, the (100) and (300) planes are marked with the d-spacing (Fig. 4e,g). The FFT analysis 
of region B shows the hexagonal structure graphene sheets (Fig. 4d). It is also the place where the crystal planes 
collide (Fig. 4f)48,54.

2 Theta (deg) 26 32 32.3 33 39.9 49.6

d-Spacing (nm) 0.343 0.281 0.277 0.271 0.225 0.184

(hkl) (002) (211) (112) (300) (310) (213)

Table 2.  Specification of the HA scatter planes in rGO-HA powders.

Figure 3.  (a,b) TEM images, (c) HAADF image, (d) EDS analysis, elemental map of (e) calcium, (f) 
phosphorus, (g) carbon, and (h) oxygen for the synthesized powders with the presence of injected gas (P10).
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Schematic 1 shows the crystal structure of HA and a diagram of graphene atomic matching with HA crystal-
line planes. According to the schematic images (Schematic 1c), the atomic alignment of the crystalline planes with 
graphene sheets is less than the limit (0.25). Therefore, the interface between the two phases on the graphene sur-
face is likely coherent. According to these findings, (300) planes are likely in contact with the surface of graphene 
sheets. In this research, during the synthesis of HA, its (300) planes are prior to the (100) planes48.

Figure 5 shows FTIR analysis and Raman spectroscopy for synthesized powders and GO. Table 3 shows the 
results of FTIR analysis as shown in Fig. 5a–c. The FTIR analysis reveals that the synthesized powders contain 
graphene sheets and HA. By comparing the GO peaks with the final rGO-HA powders peaks, it is found that the 
bonds related to the oxygen-containing functional groups on the GO surface have reduced well and some of the 
peaks have completely disappeared. The peaks at 1395 cm−1 and 1730 cm−1 are shifted upwards, indicating reduc-
tion of GO, since these two peaks are characteristic of GO. As shown in the diagrams, the presence of hydrogen 
gas in the mixture of gases has led to more reduction. Also, the quality of the peaks obtained for the powders 
which is synthesized under the gas injection conditions is more accurate and uniform than the other, indicating 
a better bonds quality45,49.

The Raman spectroscopy has been done to confirm the presence of rGO. Table 4 shows the results of Raman 
spectroscopy as shown in Fig. 5d–f. The rGO-related Raman signals in this spectrum are much clearer than the 
HA signal, although its weight percent in the powders is much lower. The D and G peaks in the rGO have not had 
any displacement at the Raman spectra, indicating that the rGO-HA powders have been successfully synthesized. 

Figure 4.  HRTEM image with the FFT and IFFT analysis of composite powders, which is synthesized in the 
presence of injected gases (P10).

Scheme 1.  (a,b) crystal structure of HA and (c) a diagram of graphene atomic matching with HA crystalline 
planes.

https://doi.org/10.1038/s41598-020-64928-y
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Figure 5.  (a–c) FTIR analysis and (d–f) Raman spectroscopy for synthesized powders and GO.

Wavenumber (cm−1) Bond Mode

565 Related to HA P-O bending

925, 1035, 1095 Related to HA  P-O(H) stretching 
vibration

1055 Related to GO Sheets C-O stretching 
vibration

1230 Related to GO sheets  C-OH stretching 
vibration

1395 Related to GO sheets  C-O-H deformation 
vibration

1620 Related to GO sheets  C=C stretching 
vibration

1730 Related to GO sheets  C=O stretching 
vibration

3400- 3500 Related to GO sheets 
& HA

O-H stretching 
vibration

Table 3.  The results of FTIR analysis for GO and rGO-HA powders.

Bond
Raman shift 
(cm−1)

Related 
materials

v1 PO4
3- (P-O), symmetric 

stretching peaks 962 Related to HA

D bond, related to the symmetric 
oscillations of the A1g of carbon 
atoms with the sp3 hybrid

1350 Related to 
graphene sheets

G bond, related to the shaking of 
the E2g of carbon atoms phonon 
with the sp2 hybrid

1600  Related to 
graphene sheets

2D peak, related to the number of 
layers of the graphene sheets 2700  Related to 

graphene sheets

Table 4.  Raman spectroscopy results for rGO-HA nano-structured powders.
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Regarding the Raman spectrum of rGO, the peaks intensity ratio (ID/IG) has increased compared to primary GO 
(ID/IG(GO) ≈ 0.73, ID/IG(P10) ≈ 0.91) which shows the chemical and thermal reduction that has caused structural 
disorder in the graphene network. It is also clear that the presence of injected gas has led to more reduction of 
GO45,49.

Density calculations from the Archimedes method showed that the sample synthesized by the classical 
method (P0) reached to relative density of 96.66% and the samples that were synthesized in the presence of 
injected gas (P5, P10) reached to relative density of 95.91% and 96.9%, respectively. The temperature of 950 °C 
has been chosen to reduce the probability of decomposition of HA crystals and degradation of graphene sheets.

Figure 6.  FESEM images of the P10 sample fracture surface after sintering and Raman spectroscopy for P10.

Figure 7.  (a) force-displacement diagrams of the sintered samples along with (b,c) the mechanical properties 
extracted from these graphs, (d) force-displacement curve shows that the Vickers indenter has hit a hole in its 
path.

https://doi.org/10.1038/s41598-020-64928-y
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Figure 6 shows the images of the P10 sample fracture surface after sintering and Raman spectroscopy for 
P10. According to the results of Raman analysis (Fig. 6e), no chemical reaction occurred during sintering and 
the graphene sheets were rescued from the consolidation process. However, as a result of the sintering process 
(high pressure and high temperature), the graphene sheets have been partially degraded, reducing the D/G ratio 
compared to the powder state. Also, some structural change has occurred in the sintered samples, causing the 
D peak intensity to change. Figure a–c, show the presence of graphene in three dimensions and in Fig. 6d,e, the 
black spots on the image are the locations of rGO-HA particles, which are distributed as acceptable in the sample 
volume. The HA nanorods are located on the graphene surfaces and between their layers (Graphene sheets are 
assembled to create a 3D structure). This porous three-dimensional structure reduces the relative density and 
mechanical properties of the sintered samples but according to previous studies, the presence of these porosities 
can increase osteoconductivity for these materials48.

Figure 7 shows the force-displacement diagrams of the sintered samples along with the mechanical properties 
extracted from these graphs. To compare the effect of injected gas during the synthesis of powders on the final 
properties of the composites, all samples were subjected to a Vickers test. As the curves show the contact depth 
for P0 is greater than that for P5, P10 samples. In other words, more force is needed to achieve a constant contact 
depth in P5 and P10. This conclusion is also valid for P10 compared to P5. Considering the same conditions for 
the preparation of samples, it is likely that another mechanism including a higher degree of GO reduction or 
higher crystallinity, and a stoichiometric most likely is responsible for this phenomenon. Also, according to these 
diagrams, the elastic work in P0 is greater than the other samples. Also, the plastics work is slightly higher in P0, 
but with a smaller ratio, which is obtained from the surface below the curves. In these diagrams, the transition 
to the left means the improvement of mechanical properties. In Fig. 7d, the force-displacement curve shows that 

Sample
Gas pressure 
(bar)

Elastic modulus 
(GPa)

Hardness 
(GPa)

P0 0 241.08 ± 9.09 7.58 ± 0.53

P5 5 265 ± 7.05 8.74 ± 0.43

P10 10 274 ± 5.07 8.96 ± 0.19

Table 5.  hardness and elastic modulus values for the samples.

Figure 8.  (a–c) the three-dimensional and two dimensional diagrams of elastic-plastic work analysis for P0, 
P5, and P10 nanocomposites after consolidation, (d–f) the crack analysis of consolidated samples after Vickers 
indentation testing.

https://doi.org/10.1038/s41598-020-64928-y
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the Vickers indenter has hit a hole in its path. The part shown with the arrow shows the contact depth where the 
cavity is located. These changes are more evident in samples with more porosity. In some curves, these changes 
appear several times in a curve. These cases involve some errors in the calculations. The indentation analysis 
results show that the hardness, the Young’s modulus of P5 and P10 samples are higher than that of P0. Also, P10 
showed better mechanical properties than the P5. The reason for this increase in mechanical properties should 
be examined from two perspectives. First, increasing the hydrothermal pressure increases the crystallinity of 
the primary powder and improves the properties of the HA, and secondly, the presence of hydrogen gas in the 
mixture of gases increases the reduction degree of GO and increases the mechanical properties of the graphene 
sheets. Table 5 shows the hardness and elastic modulus values for the samples48,54.

According to Eq. 1, the fracture toughness (K1C) is directly related to the ratio of total work to elastic work 
(Wt/We), and is inversely proportional to the crack length. Therefore, comparison of these two factors is useful 
in analyzing the effect of graphene on fracture toughness. Figure 8 shows the three-dimensional and two dimen-
sional diagrams of elastic-plastic work analysis for P0, P5, and P10 nanocomposites after consolidation along 
with the crack analysis of consolidated samples after Vickers indentation testing. According to the results, the Wt/
We ratio for the P5 and P10 has increased. The size of the cracks in the P5 and P10 nanocomposites are smaller 
compared to the P0 cracks. In all cases there is a deflection mechanism. This mechanism is due to the presence of 
nano-sized particles, which increases the strength. In a general conclusion, increasing the Wt/We ratio in the P5, 
P10 nanocomposites and decreasing the crack length have a dual effect on increasing the P5, P10 nanocomposites 
K1C compared to P0.

Figure 9 shows the XPS analysis of the GO and P10 sample along with C 1 s and O 1 s high resolution fitted 
spectra for the P10 sample. XPS analysis is a useful way to evaluate the chemical composition of carbon-based 
nanomaterials. By comparing Fig. 9a peaks, Ca 2p and P 2p signals confirm the presence of HA phase after sinter-
ing process at 950 oC. As a result of these findings, HA has retained its composition after high temperature consol-
idation and has not been decomposed. According to Fig. 9b,c, the carboxyl groups of GO surface still remain the 
same as the original GO, due to the strong electrostatic interaction between calcium phosphate and the carboxyl 
groups present on the surface of GO48.

Figure 10 shows fluorescent cell culture images on P10 sample after 72 hours and results of the MTT assay. 
The results are similar to those previously published54. The only difference is the morphology of the cells that are 
globular. The presence of rGO sheets, which has become hydrophobic by the loss of its surface agents, may have 

Figure 9.  (a) XPS analysis of the GO and P10 samples along with (b) C 1 s and (c) O 1 s high resolution fitted 
spectra for the P10 sample.
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caused this change. It can be concluded that the leached obtained over a 7-days period showed no significant 
toxicity to the culture of the osteoblasts.

Conclusions
The findings showed that the interface between the two phases in the nanocomposite was coherent and the ele-
ments were homogenously distributed. The powders synthesized under the injected gas conditions had higher 
crystallinity and crystallite size. Also, the presence of hydrogen gas further reduced the graphene oxide. These 
conditions resulted in higher elastic modulus, hardness and fracture toughness of the nanocomposites synthe-
sized by this method. These composites were biocompatible and showed some hydrophobicity compared to pure 
HA. These findings will be useful for biomedicine applications of these nanocomposites.

Data availability
Schematic images of crystals are drawn with Diamond (3.2) software and it can be found through the link: https://
www.crystalimpact.com/diamond/. Other schematic images, diagrams, and images were prepared by employing 
the Powerpoint (2007), Originpro (2016), and ImageJ (1.52 P) softwares that can be found through the links: 
https://products.office.com/en-us/home, https://www.originlab.com/origin, and https://imagej.nih.gov/ij/
download.html, respectively.

Received: 4 March 2020; Accepted: 24 April 2020;
Published: xx xx xxxx

References
	 1.	 Lahiri, D., Ghosh, S. & Agarwal, A. Carbon nanotube reinforced hydroxyapatite composite for orthopedic application: a review. 

Mater. Sci. Eng. C. 32, 1727–1758 (2012).
	 2.	 Guo, W. et al. Multi-functional hydroxyapatite/polyvinyl alcohol composite aerogels with self-cleaning, superior fire resistance and 

low thermal conductivity. Compos. Sci. Technol. 158, 128–136 (2018).
	 3.	 Zhou, H. & Lee, J. Nanoscale hydroxyapatite particles for bone tissue engineering. Acta Biomater. 7, 2769–2781 (2011).
	 4.	 Mignardi, S., Archilletti, L., Medeghini, L. & De Vito, C. Valorization of Eggshell Biowaste for Sustainable Environmental 

Remediation. Sci. Reports. 10, 2436, https://doi.org/10.1038/s41598-020-59324-5 (2020).
	 5.	 Tavares de Sousa, E., Lima-Holanda, A. T. & Nobre-dos-Santos, M. Changes in the salivary electrolytic dynamic after sucrose 

exposure in children with Early Childhood Caries. Sci. Reports. 10, 4146, https://doi.org/10.1038/s41598-020-61128-6 (2020).
	 6.	 Nosrati, H., Le, D. Q. S., Emameh, R. Z. & Bünger, C. E. Characterization of the precipitated dicalcium phosphate dehydrate on the 

graphene oxide surface as a bone cement reinforcement. J. Tissues Mater. 2, 33–46 (2019).
	 7.	 Zeng, X. et al. The Immobilization of Soil Cadmium by the Combined Amendment of Bacteria and Hydroxyapatite. Sci. Reports. 10, 

2189, https://doi.org/10.1038/s41598-020-58259-1 (2020).
	 8.	 Kumar, A., Biswas, K. & Basu, B. On the toughness enhancement in hydroxyapatite-based composites. Acta Materialia 61, 

5198–5215 (2013).
	 9.	 Tomozawa, M. & Hiromoto, S. Microstructure of hydroxyapatite- and octacalcium phosphate-coatings formed on magnesium by a 

hydrothermal treatment at various pH values. Acta Materialia 59, 355–363 (2011).
	10.	 White, A. A., Best, S. M. & Kinloch, I. A. Hydroxyapatite–Carbon Nanotube Composites for Biomedical Applications: A Review. Int. 

J. Appl. Ceram. Technol. 4, 1–13 (2007).

Figure 10.  (a–f) fluorescent cell culture images on P10 sample after 72 hours and results of the MTT assay.

https://doi.org/10.1038/s41598-020-64928-y
https://www.crystalimpact.com/diamond/
https://www.crystalimpact.com/diamond/
https://products.office.com/en-us/home
https://www.originlab.com/origin
https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
https://doi.org/10.1038/s41598-020-59324-5
https://doi.org/10.1038/s41598-020-61128-6
https://doi.org/10.1038/s41598-020-58259-1


1 2Scientific Reports |         (2020) 10:8552  | https://doi.org/10.1038/s41598-020-64928-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	11.	 Gu, Y. W., Khor, K. A. & Cheang, P. Bone-like apatite layer formation on hydroxyapatite prepared by spark plasma sintering (SPS). 
Biomaterials 25, 4127–4134 (2004).

	12.	 Balani, K., Chen, Y., Harimkar, S. P., Dahotre, N. B. & Agarwal, A. Tribological behavior of plasma-sprayed carbon 
nanotubereinforced hydroxyapatite coating in physiological solution. Acta Biomaterialia 3, 944–951 (2007).

	13.	 Walker, L. S., Marotto, V. R., Rafiee, M. A., Koratkar, N. & Corral, E. L. Toughening in graphene ceramic composites. ACS Nano 5, 
3182–3190 (2011).

	14.	 Nosrati, H., Sarraf-Mamoory, R. & Dabir, F. Crystallographic study of hydrothermal synthesis of hydroxyapatite nano-rods using 
Brushite precursors. J. Tissues Mater. 2, 1–8 (2019).

	15.	 Rafiee, M. et al. Enhanced mechanical properties of nanocomposites at low graphene content. ACS Nano 3, 3884–90 (2009).
	16.	 Mittal, M., Nath, S. K. & Prakash, S. Improvement in mechanical properties of plasma sprayed hydroxyapatite coatings by Al2O3 

reinforcement. Mater. Sci. Engineering: C. 33, 2838–2845 (2013).
	17.	 Oktar, F. N. Hydroxyapatite–TiO2 composites. Mater. Lett. 60, 2207–2210 (2006).
	18.	 Li, H. et al. Carbon nanotube-reinforced mesoporous hydroxyapatite composites with excellent mechanical and biological 

properties for bone replacement material application. Mater. Sci. Engineering: C. 77, 1078–1087 (2017).
	19.	 Abden, M. J., Afroze, J. D., Alam, M. S. & Bahadur, N. M. Pressureless sintering and mechanical properties of hydroxyapatite/

functionalized multi-walled carbon nanotube composite. Mater. Sci. Engineering: C. 67, 418–424 (2016).
	20.	 Lee, J. H. et al. Enhanced Osteogenesis by Reduced Graphene Oxide/Hydroxyapatite Nanocomposites. Sci. Rep. 5, 1–13 (2015).
	21.	 Ambrosio, G. et al. Interface Chemistry of Graphene/Cu Grafted By 3,4,5-Tri- Methoxyphenyl. 10, 4114, https://doi.org/10.1038/

s41598-020-60831-8 (2020).
	22.	 Chen, J. et al. Direct Reduction of Graphene Oxide/Nanofibrillated Cellulose Composite Film and its Electrical Conductivity 

Research. Sci. Reports. 10, 3124, https://doi.org/10.1038/s41598-020-59918-z (2020).
	23.	 Ovcharenko, E. A. et al. A New Nanocomposite Copolymer Based On Functionalised Graphene Oxide for Development of Heart 

Valves. Sci. Reports. 10, 5271, https://doi.org/10.1038/s41598-020-62122-8 (2020).
	24.	 Bai, R. G., Ninan, N., Muthoosamy, K. & Manickam, S. Graphene: A versatile platform for nanotheranostics and tissue Engineering. 

Prog. Mater. Sci. 91, 24–69 (2018).
	25.	 Srimaneepong, V., Rokaya, D., Thunyakitpisal, P., Qin, J. & Saengkiettiyut, K. Corrosion Resistance of Graphene oxide/Silver 

Coatings on Ni–Ti alloy and Expression of IL-6 and IL-8 in Human Oral Fibroblasts. Sci. Reports. 10, 3247, https://doi.org/10.1038/
s41598-020-60070-x (2020).

	26.	 Stolle, M. D., Park, S., Zhu, Y., An, J. & Ruoff, R. S. Graphene-based ultracapacitors. Nano Lett. 8, 3498–3502 (2018).
	27.	 Pei, X. et al. PEGylated nano-graphene oxide as a nanocarrier for delivering mixed anticancer drugs to improve anticancer activity. 

10, 2717; https://doi.org/10.1038/s41598-020-59624-w (2020).
	28.	 Garg, K., Papponen, P., Johansson, A., Puttaraksa, N. & Gilbert, L. Preparation of grapheme nanocomposites from aqueous silver 

nitrate using grapheme oxide’s peroxidase-like and carbocatalytic properties. Sci. Reports. 10, 5126, https://doi.org/10.1038/s41598-
020-61929-9 (2020).

	29.	 Adamowicz, J. et al. Development of a conductive biocomposite combining grapheme and amniotic membrane for replacement of 
the neuronal network of tissue-engineered urinary bladder. Sci. Reports. 10, 5824, https://doi.org/10.1038/s41598-020-62197-3 
(2020).

	30.	 Lin, J., Chen, X. & Huang, P. Graphene-based nanomaterials for bioimaging. Adv. Drug. Delivery Reviews, Part. B 105, 242–254 
(2016).

	31.	 Liu, Y., Huang, J., Niinomi, M. & Li, H. Inhibitedgrain growth in hydroxyapatite–graphene nanocomposites during high temperature 
treatment and their enhanced mechanical properties. Ceram. Int. 42, 11248–11255 (2016).

	32.	 Xie, X. et al. Graphene and hydroxyapatite self-assemble into homogeneous, free standing nanocomposite hydrogels for bone tissue 
engineering. Nanoscale 7, 7992–8002 (2015).

	33.	 Baradaran, S. et al. Mechanical properties and biomedical application of a nanotube hydroxyapatite-reduced graphene oxide 
composite. Carbon 69, 32–45 (2014).

	34.	 Zhang, L. et al. A tough graphene nanosheet/hydroxyapatite composite with improved in vitro biocompatibility. Carbon 61, 105–115 
(2013).

	35.	 Rodríguez-González, C., Cid-Luna, H. E., Salas, P. & Castaño, V. M. Hydroxyapatite-Functionalized Graphene: A New Hybrid 
Nanomaterial. J. Nanomaterials 940903, 1–7 (2014).

	36.	 Zeng, Y. et al. Graphene oxide/hydroxyapatite composite coatings fabricated by electrochemical deposition. Surf. Coat. Technol. 286, 
72–79 (2016).

	37.	 Xie, W. et al. Mechanically Robust 3D Graphene–Hydroxyapatite Hybrid Bioscaffolds with Enhanced Osteoconductive and 
Biocompatible Performance. Crystals 105, 1–12 (2018).

	38.	 Radha, G., Venkatesan, B., Vellaichamy, E. & Balakumar, S. Structural, Mechanical and Biological Insights on Reduced Graphene 
Nanosheets Reinforced Sonochemically Processed Nano Hydroxyapatite Ceramics. Ceram. Int. 44, 8777–8787 (2018).

	39.	 Türk, S. et al. The effect of reduction of graphene oxide on the formation of hydroxyapatite and tricalcium phosphate. Vacuum 148, 
1–10 (2018).

	40.	 Nie, W. et al. Three-dimensional porous scaffold by self-assembly of reduced graphene oxide and nano-hydroxyapatite composites 
for bone tissue engineering. Carbon 116, 325–337 (2017).

	41.	 Zhang, L. et al. A tough graphene nanosheet/hydroxyapatite composite with improved in vitro biocompatibility. Carbon 61, 105–115 
(2013).

	42.	 Liu, Y., Huang, J. & Li, H. Synthesis of hydroxyapatite–reduced graphite oxide nanocomposites for biomedical applications: oriented 
nucleation and epitaxial growth of hydroxyapatite. J. Mater. Chem. B 1, 1826–1834 (2013).

	43.	 Liu, Y., Huang, J., Niinomi, M. & Li, H. Inhibited grain growth in hydroxyapatite–graphene nanocomposites during high 
temperature treatment and their enhanced mechanical properties. Ceram. Int. 42, 11248–11255 (2016).

	44.	 Zhao, Y. et al. Microstructure and anisotropic mechanical properties of graphene nanoplatelet toughened biphasic calcium 
phosphate composite. Ceram. Int. 39, 7627–7634 (2013).

	45.	 Nosrati, H. et al. Effects of hydrothermal pressure on in situ synthesis of 3D graphene/hydroxyapatite nano structured powders. 
Ceram. Int. 45, 1761–1769 (2019).

	46.	 Nosrati, H. et al. In situ synthesis of three dimensional graphene/hydroxyapatite nano powders via hydrothermal process. Mater. 
Chem. Phys. 222, 251–255 (2019).

	47.	 Qi, C., Zhu, Y. J., Ding, G. J., Wu, J. & Chen, F. Solvothermal synthesis of hydroxyapatite nanostructures with various morphologies 
using adenosine 50-monophosphate sodium salt as an organic phosphorus source. RSC Adv. 5, 3792–3798 (2015).

	48.	 Nosrati, H., Sarraf-Mamoory, R., Le, D. Q. S. & Bunger, C. E. Preparation of reduced graphene oxide/hydroxyapatite nanocomposite 
and evaluation of graphene sheets/hydroxyapatite interface. Diam. Relat. Mater. 100, 107561 (2019).

	49.	 Nosrati, H., Sarraf-Mamoory, R., Le, D. Q. S. & Bunger, C. E. Fabrication of gelatin/hydroxyapatite/3D-graphene scaffolds by a 
hydrogel 3D-printing method. Mater. Chem. Phys. 239, 122305 (2020).

	50.	 Zheng, P. et al. Reduction of graphene oxide by Ar-H2 mixture gase at 200 °C with the aid of Pd. J. Alloy. Compd. 703, 10–12 (2017).
	51.	 Akhavan, O., Azimirad, R., Gholizadeh, H. T. & Ghorbani, F. Hydrogen-rich water for green reduction of graphene oxide 

suspensions. Int. J. Hydrog. energy 40, 5553–5560 (2015).

https://doi.org/10.1038/s41598-020-64928-y
https://doi.org/10.1038/s41598-020-60831-8
https://doi.org/10.1038/s41598-020-60831-8
https://doi.org/10.1038/s41598-020-59918-z
https://doi.org/10.1038/s41598-020-62122-8
https://doi.org/10.1038/s41598-020-60070-x
https://doi.org/10.1038/s41598-020-60070-x
https://doi.org/10.1038/s41598-020-59624-w
https://doi.org/10.1038/s41598-020-61929-9
https://doi.org/10.1038/s41598-020-61929-9
https://doi.org/10.1038/s41598-020-62197-3


13Scientific Reports |         (2020) 10:8552  | https://doi.org/10.1038/s41598-020-64928-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	52.	 Li, C. C., Yu, H., Yan, Q. & Hng, H. H. Green synthesis of highly reduced graphene oxide by compressed hydrogen gas towards 
energy storage devices. J. Power Sources 274, 310–317 (2015).

	53.	 Diez, N., Sliwak, A., Gryglewicz, S., Grzyb, B. & Gryglewicz, G. Enhanced reduction of graphene oxide by high pressure 
hydrothermal treatment. RSC Adv. 5, 81831–81837 (2015).

	54.	 Nosrati, H. et al. Gas injection approach for synthesis of hydroxyapatite nanorods via hydrothermal method. Mater. Charact. 159, 
110071 (2020).

	55.	 Oliver, W. & Pharr, G. An improved technique for determining hardness and elastic modulus using load and displacement sensing 
indentation experiments. J. Mater. Res. 7, 1564–1583 (1992).

	56.	 Hervas, I. et al. Fracture toughness of glasses and hydroxyapatite: A comparative study of 7 methods by using Vickers indenter. 
Ceram. Int. 42, 12740–12750 (2016).

	57.	 Wijesinghe, W. P. et al. Facile synthesis of both needle-like and spherical hydroxyapatite nanoparticles: Effect of synthetic 
temperature and calcination on morphology, crystallite size and crystallinity. Mater. Sci. Eng. C. 42, 83–90 (2014).

	58.	 Kaygili, O., Keser, S., Bulut, N. & Ates, T. Characterization of Mg-containing hydroxyapatites synthesized by combustion method. 
Phys. B: Condens. Matter 537, 63–67 (2018).

Author contributions
H. Nosrati, D.Q.S. Le, and M.C. Perez wrote the main manuscript text and R.Z. Emameh prepared figures. All 
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.S.-M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-64928-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improving the mechanical behavior of reduced graphene oxide/hydroxyapatite nanocomposites using gas injection into powders  ...
	Experimental

	Evaluation of the consolidated samples. 
	Vickers indentation. 
	Characterization techniques. 
	X-ray diffraction. 
	Field emission scanning electron microscopy. 
	Fourier transform infrared spectroscopy. 
	Raman spectroscopy. 
	High-resolution transmission electron microscopy. 


	Results and discussion

	Conclusions

	Figure 1 (a) hydrothermal system used in this research, (b) load-displacement, and indentation affected zone.
	Figure 2 (a–c) XRD patterns and (d,e) FESEM images of rGO-HA powders (P10).
	Figure 3 (a,b) TEM images, (c) HAADF image, (d) EDS analysis, elemental map of (e) calcium, (f) phosphorus, (g) carbon, and (h) oxygen for the synthesized powders with the presence of injected gas (P10).
	Figure 4 HRTEM image with the FFT and IFFT analysis of composite powders, which is synthesized in the presence of injected gases (P10).
	Scheme 1 (a,b) crystal structure of HA and (c) a diagram of graphene atomic matching with HA crystalline planes.
	Figure 5 (a–c) FTIR analysis and (d–f) Raman spectroscopy for synthesized powders and GO.
	Figure 6 FESEM images of the P10 sample fracture surface after sintering and Raman spectroscopy for P10.
	Figure 7 (a) force-displacement diagrams of the sintered samples along with (b,c) the mechanical properties extracted from these graphs, (d) force-displacement curve shows that the Vickers indenter has hit a hole in its path.
	Figure 8 (a–c) the three-dimensional and two dimensional diagrams of elastic-plastic work analysis for P0, P5, and P10 nanocomposites after consolidation, (d–f) the crack analysis of consolidated samples after Vickers indentation testing.
	Figure 9 (a) XPS analysis of the GO and P10 samples along with (b) C 1 s and (c) O 1 s high resolution fitted spectra for the P10 sample.
	Figure 10 (a–f) fluorescent cell culture images on P10 sample after 72 hours and results of the MTT assay.
	Table 1 The primary chemical used in the powders synthesis phase.
	Table 2 Specification of the HA scatter planes in rGO-HA powders.
	Table 3 The results of FTIR analysis for GO and rGO-HA powders.
	Table 4 Raman spectroscopy results for rGO-HA nano-structured powders.
	Table 5 hardness and elastic modulus values for the samples.




