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The structure of an aluminum oxide/graphene oxide (GO) composite was studied using X-ray photoelectron 
spectroscopy (XPS). High-energy resolved XPS measurements of Al 2p-core level spectra revealed the 
formation of Al–O–C bonds, which indicated the occurrence of interfacial reactions between Al2O3 and 
GO in the process of composite synthesis. An increase in intensity in the near-edge region of XPS valence 
band (VB) spectrum was observed with increasing GO concentration, indicating possible contribution of the 
electronic states of carbon. Filling the electronic states on the edge of VB allows to associate GO doping with 
the loss of dielectric properties of the original Al2O3 compound. Addition of graphene oxide to Al2O3 ceramics 
changed conductive properties of the composite due to formation of new chemical bonds.
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INTRODUCTION
Composites are materials consisting of two or 

more different substances that share their properties to 
form a new material with new properties. As a rule, in a 
composite there are no chemical reactions between its 
constituent substances and each substance entering the 
composite retains own basic properties. On the other 
hand, formation of chemical bonds between the materials 
comprising the composite gives it additional strength and 
rigidity. This is especially true for ceramic composites 
where ceramic pores are filled with fillers. Alumina 
(Al2O3-based) ceramics is often used in composites 
because it has such useful properties as high melting point, 
hardness and strength, wear, and chemical resistance 
[1]. However, alumina-based industrial ceramics has 
high density and fragility. Recently, it was found that 
disadvantages of alumina-based ceramics can be eliminated 
using graphene. It turned out that inclusion of graphene 
improved the mechanical properties of brittle materials, 
and a decrease in grain size significantly increased the 
strength of ceramics. The composites comprised of 
graphene and ceramic materials have a great potential 
for forming additional functional properties of interest for 
various applications [2]. On one hand, graphene exhibits 
exceptional electrical, thermal, optical, and mechanical 
properties [3], and on the other hand, ceramic materials 
act as mechanically and chemically resistant matrices 
with synergistic dielectric or semiconductor properties 
[4]. Combination of these properties in one material, 
a ceramics/graphene composite, can result in unique 
conductive materials for high-temperature applications in 
thermoelectric devices [5] as well as electrode material 

for lithium-ion batteries [6] and electrochemical capacitors 
[7]. Graphene oxide (GO) is very convenient to use for 
chemical preparation of Al2O3/graphene composites 
because GO can be easily prepared from graphite [7] 
and it is dispersible in water [8]. Thermal or chemical 
reduction of GO to reduced graphene oxide (rGO) is used 
to acquire electrical conductivity of the ceramics/GO 
composite [9]. In the present paper structure of Al2O3/GO 
composite was studied employing X-ray photoelectron 
spectroscopy (XPS).

XPS is a very powerful technique, suitable for 
characterization of elemental and chemical composition of 
subsurface layers (1–10 nm) of solids. The phenomenon 
is bombardment of a surface with X-ray photons. The 
monochromatic soft X-ray beam is based on the external 
photoelectric effect, which refers to the bombardment 
of a surface with X-ray photons. A monochromatic soft 
X-ray beam is used for excitation of electrons. Kinetic 
energy and quantity of the electrons knocked out from 
the atoms’ core levels are measured using a channel 
detector. The difference between the photon’s energy 
and the sum of the electrons’ kinetic energy and the 
work function determines the electron binding energy. 
The resulting XPS spectrum represents the dependence 
of the number of photoelectrons on the binding energy. 
The binding energy of the electrons is a characteristic 
of the elements, but it is also affected by the formal 
oxidation state, the local bonding environment such as 
the nature of the nearest-neighbor atoms, their number 
and electronegativity, bonding hybridization etc. Therefore, 
XPS is sensitive to the chemical nature of the materials 
and provides somewhat different results for different 
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chemical bonds. The surface sensitivity of XPS makes 
it a valuable tool in the study of 2D materials such a 
graphene and graphene oxide (GO).

EXPERIMENTAL 
Al2O3/graphene powders with graphene concentrations 

of 0.56 % and 1.24 wt. % were prepared in the following 
way: Al2O3 (Taimei TM-DAR, > 99.99 % purity) powder 
for ceramic matrices with an average particle size of 
around 150 nm were dispersed in distilled water, then 
mixed with the graphene oxide dispersion and finally ball 
milled for 1 h. Homogeneous mixtures were spray dried 
and uniaxially pressed (30 MPa) prior to spark plasma 
sintering in an FCT-HP D25/1 (FCT Systeme GmbH) 
apparatus in vacuum (10−1 mbar) with the heating rate 
of 50 °C/min under applied pressure of 80 MPa, and 
holding time of 1 min. The final sintering temperature 
in case of Al2O3/graphene composites was 1500 °C. 
Densities close to 100 % theoretically expected were 
found in all composites.

The dielectric properties of the samples were 
previously studied [10] by standard low-frequency impedance 
measurements (PSM1735-NumetriQ). The results are 
presented in the Table 1.

X-ray photoelectron spectra were measured using 
a PHI 5000 Versa Probe XPS spectrometer (ULVAC 
Physical Electronics, USA) based on a classic X-ray optic 
scheme with a hemispherical quartz monochromator 
and an energy analyzer working in the range of binding 
energies from 0 to 1500 eV. Electrostatic focusing and 
magnetic screening was used to achieve the energy 
resolution of ΔE ≤ 0.5 eV for Al Ka radiation (1486.6 eV). 
An ion pump was used to maintain the analytical chamber 
at 10–7 Pa, and dual channel neutralization was used 
to compensate local surface charge generated during 
the measurements. The XPS spectra were recorded 
using Al Ka X-ray emission – the spot size was 200 mm, 
the X-ray power delivered to the sample was less than 
50 W, and typical signal-to-noise ratios were greater 
than 10000:3. 

RESULTS AND DISCUSSIONS
Fig. 1 presents the XPS survey spectra of Al2O3 

and Al2O3/GO composites measured at 600–0 eV 
binding energy range, and Table 2 shows the surface 
composition of the studied samples obtained from these 

measurements. The sample annealed at 1500 oC with 
a high content of GO showed the contamination with N, 
K, Ca, Na impurities. The presence of such impurities 
is associated with the preparation of GO. Fig. 2 shows 
high-energy resolved XPS Al 2p-spectra in the initial 
(b) and GO-doped Al2O3 ceramics (a). It is seen that 
GO-doping led to a noticeable broadening of the XPS Al 
2p-spectrum and, along with the main component centered 
at the binding of 74.4 eV, a high-energy contribution 
appeared at the binding energy of 75.2 eV, which can 
be attributed to the formation of Al–O–C bonds [11]. 

The XPS valence band spectrum of Al2O3 (Fig. 
3) shows the low-energy O 2s-subband located at  
23.3 eV and upper valence band at 0–12 eV composed 
by mixed O 2p and Al 3p (3s)-states in full accordance 
with available XPS-measurements and DFT-calculations 
[12]. GO-doping is accompanied by appearance of C 
2s-states at 17.3 eV and additional fine structure at  
0–4 eV. Relative intensity of these additional bands 
increases with graphene oxide concentration, which 
undoubtedly connects their origin with the carbon electronic 
states. An interesting moment is filling the electronic 
states on the edge of VB (in the region of 0–4 eV) upon 
adding GO that allows to connect doping the ceramics 

Fig. 1. XPS survey spectra of Al2O3 and Al2O3/GO composites

Fig. 2. XPS Al 2p of Al2O3+1.24 % GO composite (a) and Al2O3 (b)

Table 1
The results of measuring the relative dielectric constant ε’ 
at a frequency of 1 kHz and conductivity σ [10].

Sample σ, S/cm ε’
Al2O3

10–11 10
Al2O3 + 0.56% GO 10–7 102

Al2O3 + 1.24% GO 10–1 –2,2·104*

* negative value of dielectric constant as for conductors
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with the loss of dielectric properties of the initial Al2O3 
compound described by Fernández-García et al. [10].

CONCLUSION
Addition of graphene oxide to Al2O3 ceramics led 

to the formation of Al–O–C bonds and the appearance 
of fine structure in the valence band spectrum in the 
region of 0–4 eV. The results are in good agreement 
with previous data on the study of dielectric properties 
and conductivity of Al2O3–GO ceramic samples [10]. 
An increase of the relative dielectric constant and 
conductivity was observed in Al2O3–GO ceramics at 
the low concentration of GO (0.56 wt. %) compared to 
undoped Al2O3 ceramics. Such changes are associated 
with variation in the microstructure of the composite 
(grain size). Addition of 1.24 wt. % GO led to a change 
in the electrical properties of the material resulting in a 
metallic type of conductivity. Our XPS studies showed 
that the reason for this was the interaction between the 
GO and Al2O3 phases due to formation of new chemical 
bonds and, as a consequence, a change in the structure 
of the valence band.
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Fig. 3. XPS valence bands of Al2O3 and Al2O3/GO composites

Table 2
 Surface composition of Al2O3, Al2O3 + 0.56% GO and Al2O3 + 1.24% GO 1500 0C (in at. %).

Sample C O Al N K Ca Na
Al2O3 4 60.4 35.6 - - - -

Al2O3 +0.56% GO 8.9 53.1 32.6 5.4 - - -
Al2O3 +1.24% GO 10.4 50.1 28.3 5 1.1 0.3 4.8


