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Highly Conductive Few-Layer Graphene/Al 2 O 3  
Nanocomposites with Tunable Charge Carrier Type
 An ex situ strategy for fabrication of graphene oxide (GO)/metal oxide hybrids 
without assistance of surfactant is introduced. Guided by this strategy, GO/
Al 2 O 3  hybrids are fabricated by two kinds of titration methods in which GO 
and Al 2 O 3  colloids are utilized as titrant for hybrids of low and high GO con-
tent respectively. After sintered by spark plasma sintering, few-layer graphene 
(FG)/Al 2 O 3  nanocomposites are obtained and GO is well reduced to FG 
simultaneously. A percolation threshold as low as 0.38 vol.% is achieved 
and the electrical conductivity surpasses 10 3  Sm  − 1  when FG content is only 
2.35 vol.% in FG/Al 2 O 3  composite, revealing the homogeneous dispersion 
and high quality of as-prepared FG. Furthermore, it is found that the charge 
carrier type changes from p- to n-type as graphene content becomes higher. 
It is deduced that this conversion is related to the doping effect induced by 
Al 2 O 3  matrix and is thickness-dependent with respect to FG. 
  1. Introduction 

 Graphene/metal oxide hybrids and composites have received 
great attention due to the synergetic effects provided by the 
combination of metal oxides and graphene, which can promi-
nently improve the performance comparing with individual 
metal oxides. These novel composites have broad applications 
in the fi eld of drug delivery, [  1  ]  lithium ion battery, [  2  ]  super 
capacitors and transparent conductors, [  3  ]  etc. However, the 
main obstacle lying in the preparation of graphene/metal oxide 
composits is to disperse graphene homogeneously throughout 
the oxides, since the agglomeration would deteriorate the elec-
trical, optical and magnetic properties of the composites. To 
solve this problem, considerable efforts have been made but 
challenges still remain. On one hand, most of current methods 
to prepare graphene/metal oxide composites are based on an 
 in situ  growth strategy, [  4  ]  as a result it is very diffi cult to control 
the quality and morphology of metal oxides at will because of 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com

 DOI: 10.1002/adfm.201200632 

    Dr. Y.   Fan ,    Prof. Dr. A.   Kawasaki  
Department of Materials Processing
Graduate School of Engineering
Tohoku University
Sendai 980-8579 Japan
 E-mail:  kawasaki@material.tohoku.ac.jp   
   Prof. Dr. W.   Jiang  
State Key Laboratory for Modifi cation of Chemical 
Fibers and Polymer Materials
Donghua University
Shanghai 201620, China  
the presence of graphene. In this sense 
it would be more desirable that an  ex situ  
method could be adopted. Specifi cally, 
graphene (or graphene oxide (GO)) and 
metal oxides are prepared separately at 
fi rst and then combined together through 
certain ways. Thereby the preparation of 
metal oxide could be optimized easily and 
many commercially available oxide pow-
ders with high quality (such as  α -Al 2 O 3  
and TiO 2 ) can be exploited directly for 
optimizing the performance of compos-
ites. On the other hand, many of those 
methods include the usage of surfactants 
which could either assist the dispersion 
of metal oxide or facilitate the formation 
of special structure. [  2b  ,  5  ]  However, the res-
idue of surfactants will probably harm the 
performance of composites. [  6  ]  Moreover, 
removing these surfactants often requires multiple washings or 
harsh conditions such as heating at high temperature, which is 
not feasible for many metal oxides. 

 Although many graphene/metal oxide hybrids have been 
reported, very few works have been carried out to further den-
sify those hybrids to obtain composites and study the proper-
ties in a fi ller/matrix system. In our previous work, fully dense 
graphene nanosheet/Al 2 O 3  composites were fabricated by ball 
milling and spark plasma sintering (SPS) for the fi rst time. [  7  ]  It 
has been proved that the electrical properties of graphene based 
composites were far better than those of carbon nanotube based 
composites. Albeit the dispersion of graphene in the matrix is 
quite well, the percolation threshold is still higher than that 
of corresponding carbon nanotube based composite since the 
average thickness of graphene fl akes are not thin enough to be 
qualifi ed as graphene according to the classic defi nition. [  8  ]  Like 
the agglomeration of carbon nanotubes, thick graphite fl akes 
are also harmful especially for the mechanical properties of 
composites. [  9  ]  

 In this study, commercially obtained  α -Al 2 O 3  is taken as an 
example to elucidate a strategy of utilizing electrostatic inter-
action for the preparation of GO/metal oxide hybrids without 
assistance of surfactant. Two kinds of titration methods were 
conducted to prepare hybrids with low and high GO contents, 
respectively. Scanning electron microscopy (SEM) and trans-
mittance electron microscopy (TEM) images show homoge-
neous dispersion of GO among Al 2 O 3  particles. After densifi ed 
by SPS, the morphology and thickness of few-layer graphene 
(FG) in composite were confi rmed by TEM and high resolution 
TEM (HRTEM). The reduction level and quality of FG in com-
posite were characterized by XPS and Raman spectra. Electrical 
im Adv. Funct. Mater. 2012, 22, 3882–3889
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conductivity measurement demonstrated that extremely low 
percolation threshold has been achieved in this FG/Al 2 O 3  
composite and high electrical conductivity composite can be 
obtained at very low graphene content. Hall coeffi cient meas-
urement revealed that the carrier type is p-type when graphene 
content is low but changes to n-type when graphene content 
becomes high, which has been explained neatly. 

   2. Results and Discussion 

  2.1. Preparation of GO/Al 2 O 3  Hybrids 

 It is well known that water can be chemisorbed on oxides 
though a hydrogen bond or it may undergo dissociation. In the 
latter case, surface hydroxyl groups are formed. [  10  ]  Therefore 
for metal oxide particles, in most cases H  +   and OH  −   are pref-
erentially adsorbed on the particles and determine the electrical 
potential of the particle surface so that the particles can be posi-
tively or negatively charged by simply adjusting pH:

 M − OH+
2 ⇐⇒M − OH + H+

  (1)   

 M − OH ⇐⇒ M − O− + H+
  (2)    

 On the behalf of GO, although the differences in starting mate-
rials and oxidation protocol lead to an ambiguous structure of 
GO in some extent, it is generally accepted that the dominant 
structural features present on the surface of GO are tertiary 
alcohols, ethers (mainly in the form of epoxides) and carboxyl 
groups at the edges. [  11  ]  Thanks to the abundance of these kind 
of groups, GO exhibits a signifi cant zeta potential even under 
highly acidic conditions, which is suffi cient for the exfoliation 
and dispersion of GO in water, as seen in  Figure    1  . Moreover, 
the surface charge of GO remains a value smaller than  − 40 mV 
in a wide range (Figure  1 , indicated by the arrow with dot line) 
which leaves large fl exibility for adjusting pH until the surface 
of metal oxide becomes positive charged. This is very important 
because most of metal oxides have been reported as a compo-
nent of graphene hybrids (P25, magnetite, hematite,  β -MnO 2 , 
© 2012 WILEY-VCH Verlag Gm

     Figure  1 .     Zeta potential of GO and  α -Al 2 O 3  as a function of pH in aqueous 
dispersions; the cross denotes the pH adopted in this work.  

Adv. Funct. Mater. 2012, 22, 3882–3889
ZnO, SnO 2 , etc) have a “zero-point charge” (z.p.c.) larger than 
4, [  12  ]  which means for any of these metal oxides there is a pH 
value below which GO and the metal oxide possess opposite 
surface charge. Therefore when the two species are mixed 
together they will assemble spontaneously under the mutual 
electrostatic interactions. Besides, the agglomeration of GO 
could be prevented by a steric effect stemming from the exist-
ence of metal oxide particles between GO fl akes.  

 In this work commercially obtained  α -Al 2 O 3  powder with 
high quality was chosen to illustrate our strategy. As shown in 
Figure  1 , the z.p.c of Al 2 O 3  is around 9 so that theoretically 
any pH environment below 9 will lead to an effective attrac-
tion between GO and Al 2 O 3  particles. Since a zeta potential of 
larger than 30 mV is generally considered to represent suffi -
cient mutual repulsion ensuring a stable dispersion, [  13  ]  any pH 
value below 7.5 would be suitable for the fabrication of GO/
Al 2 O 3  hybrids. Considering the as-prepared GO colloid had a 
pH of 3.3, we chose this value for convenience. In practice, the 
steric effect could be realized in two kinds of titration methods. 
When GO colloid was added into Al 2 O 3  colloid drop by drop 
(denoted by GO ̂  MO here and after), very small amount of GO 
(1.23 wt.% in hybrid) was high enough to precipitate all the 
Al 2 O 3  particles and a transparent supernatant was left. How-
ever, when the GO content was over 1.92 wt.% the superna-
tant was not transparent anymore. Increasing the amount of 
GO could change the color of supernatant gradually until it 
reached that of pristine GO colloid, revealing that a limit had 
come. In addition, GO can be hardly observed by SEM or by 
TEM at low magnifi cation in the hybrids prepared by GO ̂  MO 
method ( Figure    2  a, b and c). It only can be observed at the edge 
of powders when the magnifi cation of TEM is high enough, 
from which we can see ultrathin GO wrapped on the surface 
of Al 2 O 3  particles closely (Figure  2 d). In contrast, when small 
amount of Al 2 O 3  colloid was added into the GO colloid in 
titration way (denoted by MO ̂  GO here and after), the relative 
amount of GO could be very high. In our work hybrids with 
GO content up to 11.5wt.% have been prepared by MO ̂  GO 
method. SEM images show that Al 2 O 3  particles were wrapped 
by GO to form small packages ( Figure    3  a and b) and many par-
ticles were even separated from each other by GO (Figure  3 b). 
This GO-encapsulated structure can be seen more clearly in 
TEM images (Figure  3 d). In addition, although it is shown that 
the dispersion of GO fl akes among Al 2 O 3  particles was still 
homogeneous at such high content, the average thickness of 
GO layers mildly increased because of restacking (Figure  3 c 
and d).   

 The reason why the two types of titration methods have 
such different ability of mixing can be demonstrated as fol-
lows. In the GO ̂  MO method, each piece of added GO is sur-
rounded by excessive metal oxide particles which will instantly 
adhere to GO as many as possible. On one hand, each piece 
of GO will reach its maximum ability of carrying metal oxide 
particles as soon as added to the colloid. On the other hand, 
the surface potential of carried metal oxide particles are 
shielded by GO in certain extent. GO has the ability to lock 
these particles but not necessarily enwraps them completely. 
Hence most of metal oxide particles are only partially shielded 
by GO at the beginning and they still have the ability to accept 
other GO on the exposed surfaces ( Figure    4  a). When more and 
3883wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Morphology of GO/Al 2 O 3  hybrid with GO content of 1.92 wt.% prepared by GO ̂  MO 
method. (a), (b) are SEM images of lower and higher magnifi cation, respectively; (c) is TEM 
image and (d) is a magnifi ed part of the box in (c); the black arrow in (d) indicates the GO 
fl ake covering on Al 2 O 3  particles.  
more GO are added to colloid, the exposed surfaces decrease 
rapidly and fi nally all the particles are fully wrapped, as illus-
trated by Figure  4 b. Any newly added GO will be repelled by 
     Figure  3 .     Morphology of GO/Al 2 O 3  hybrid with GO content of 11.5wt.% prepared by MO ̂  GO 
method. (a), (b) are SEM images of lower and higher magnifi cation, respectively; (c) is TEM 
image and (d) is a magnifi ed part of the box in (c) which shows a single Al 2 O 3  particle wrapped 
by GO fl ake.  
these existing GO/metal oxide hybrid unit 
and stay in the supernatant since all the 
components in the solution are ether neg-
atively charged or shielded by negatively 
charged GO at this moment. If we denote 
the content of GO that can barely makes the 
MO particles deposited as  χ  0  and the limit 
of using GO ̂  MO method as  χ   m  , the range 
 Δ  χ   =   χ   m   –  χ  0  is very small because of the 
extremely high surface area (2630 m 2 g  − 1 , cal-
culated). In the MO ̂  GO method, GO pieces 
are hardly saturated because of the relatively 
small amount of MO particles compared 
with GO. In an ideal situation each piece of 
GO will bear the added particles equally, so 
that no extra particle will exist until  χ  0 . How-
ever, empirically GO content could never 
reach  χ  0  by MO ̂  GO method before extra 
particles started to appear. This is mainly 
because GO will precipitate prematurely 
before its maximum ability of carrying MO 
particles comes, which has been confi rmed 
by monitoring the change of zeta potential 
(Supporting Information, S1). Hence the 
MO ̂  GO method is suitable for preparing 
GO/metal oxide hybrids with high content 
of GO, while GO ̂  MO method is more con-
venient for lower GO content.  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
   2.2. Microstructure of FG/Al 2 O 3  Composites 

 The properties of composites depend 
strongly on how well the fi ller materials are 
dispersed, which is the reason why many 
composites researches relating to carbon 
nanotubes have focused on fi nding better 
methods for dispersing nanotubes into 
matrix. Since graphene and GO are two-
dimensional materials, entangled bundles 
usually found in carbon nanotubes are no 
longer an issue. However, aggregation is 
still possible and should be avoided. In our 
method, benefi ting from the good disper-
sion of GO in hybrids, aggregation of FG 
did not happen after sintering, which has 
been confi rmed by TEM ( Figure    5  ). It clearly 
shows that FG fl akes were located between 
the boundaries of Al 2 O 3  particles and they 
are readily to be found even if the content 
of graphene is very low (Figure  5 a). The 
representative thickness of FG is round 
1.2 nm which contains 4 layers of graphene 
(Figure  5 b). According to our observation, 
layers of thickness larger than 3 nm have 
never been found in this particular sample, 
which indicates the success of our strategy 
in homogeneous dispersion of graphene 
in matrix. However, the overlapped graphene fl akes of larger 
thickness ( ∼ 5 nm) can be observed in the composite with 
higher graphene content (Figure  5 c,d). This kind of junction is 
heim Adv. Funct. Mater. 2012, 22, 3882–3889
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     Figure  4 .     Metal oxide particles partially shielded (a) and completely 
shielded by GO (b) in GO ̂  MO method.  
necessary for the connection of neighboring fl akes to form an 
conductive network, but the average thickness of graphene will 
inevitably increase at the same time.  

 A very interesting phenomenon found by TEM is the mor-
phology of FG after ion beam milling. It is found that residual 
parts of FG always exist outside the polishing surface, as indi-
cated in Figure  5 a. The HRTEM image shows that the residual 
part is parallel to the polishing surface and contains very 
rough edge (Figure  5 b) which looks like to be torn up by the 
argon ion beam. The phenomenon can be understood by the 
extremely thin feature of as-prepared FG. Firstly, because of 
the complexity of distribution and type of defect in graphene, 
the fracture surface is not smooth and some tiny parts with rela-
tively high strength will remain and be exposed from the matrix 
when the covered Al 2 O 3  are removed by ion beam. Secondly, 
these residual parts will attach to the polished surface because 
FG is prone to deform. Since the thickness of protruding parts 
© 2012 WILEY-VCH Verlag G

     Figure  5 .     TEM and HRTEM images of FG/Al 2 O 3  composites with graphene c
((a) and (b)) and 1.56 vol.% ((c) and (d)); (b) and (d) are HRTEM images o
(a) and (c), respectively. The arrows in (a) and (b) indicate the residual FG o
surface and the dash lines in (c) indicate the overlapped FG.  

Adv. Funct. Mater. 2012, 22, 3882–3889
is very small ( ∼ 1 nm) and they are nearly parallel to the direc-
tion of ion beam, these parts have large possibility to survive 
from ion beam milling. However, if there are too many layers 
of graphene in one fl ake, it will become diffi cult to deform so 
that any protruding part will be “cut” smoothly, which is the 
reason why similar phenomenon has never been observed in 
multi-walled carbon nanotube/Al 2 O 3  composite and graphene 
nanosheet/Al 2 O 3  composite in which graphene nanosheet can 
be as thick as 10 nm. [  7  ,  14  ]  

   2.3. Reduction of GO and Quality of As-Prepared FG 

 The reduction process is necessary for GO because it’s an elec-
trically insulating material owning to the disrupted sp 2  bonding 
network. Among the reduction methods, thermal treatment has 
been found to be one of the most effective. [  15  ]  Since SPS itself 
is a high temperature process with low atmosphere pressure 
(1300  ° C and P  <  6 Pa in this work), there is no need of addi-
tional reduction procedure. However, it has to be noticed that 
the thermal stability of GO is very weak. Thermal decomposition 
of GO begins at very low temperature ( ∼ 177  ° C), [  16  ]  with release 
of H 2 O, CO and CO 2  in gas phase. In addition, around 70% 
mass loss has been observed when the temperature reached 
as high as 700  ° C in thermal analysis. [  15  ]  Therefore the mass 
mbH & Co. KGaA, Weinh

ontent of 0.66 vol.% 
f the white boxes in 
utside the polishing 
loss caused by high temperature sintering 
has to be measured in order to estimate the 
thermal stability of GO at sintering tempera-
ture. During thermo-gravimetric analysis 
(TGA),  ∼ 60% mass was lost before 300  ° C 
and the total mass remained only 13.07% 
after temperature rose to 1300  ° C ( Figure    6  a). 
However, experiment indicated that the real 
remained mass of GO after sintering was as 
much as 35% (see Experimental Section), 
probably benefi ting from the fast heating rate 
and low atmosphere pressure during SPS. 
The reduction of GO is confi rmed by com-
paring high resolution x-ray photoelectron 
spectroscopy (XPS) from the carbon region 
of GO and FG in sintered composite. Three 
most prominent components are assigned to 
the C 1s envelope, namely the sp 2  peak cen-
tered at 284.6 eV, C-O peak at 286.6 eV and 
C  =  O peak at 288.5 eV. Upon heating under 
SPS sintering, the C 1s spectrum exhibits a 
transformation from a double peak at room 
temperature to a single sharp peak after sin-
tering, which is indicative of restored sp 2  
bonding. In addition, it is illustrated that in 
the composite sample only a very weak C-O 
peak can be deconvoluted from C 1s enve-
lope whereas the C  =  O component is barely 
differentiated, revealing that the amount of 
remaining oxygen is very low.  

 The quality of FG in composites with dif-
ferent content was further investigated by 
Raman spectroscopy and compared with 
GO and raw graphite ( Figure    7  ). The main 
3885wileyonlinelibrary.comeim
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     Figure  6 .     (a) The weight loss of GO powders from 100 to 1300  ° C meas-
ured by TGA; it is assumed that the loss before 100  ° C is ascribed to 
the evaporation of water and the weight loss is calculated from 100  ° C. 
(b) and (c) are high resolution C 1s XPS spectra of GO and FG after sin-
tering at 1300  ° C, respectively.  
features in the Raman spectra of sp 2  carbon materials are 
the G and D bands that lie at around 1580 and 1350 cm  − 1 , 
respectively. Both the G and D bands arise from vibrations of 
sp 2 -hybridized carbon atoms and can be observed in GO and 
graphene in composites. On the contrary, in the SP-1 graphite 
the D band is too weak to be identifi ed with respect to the G 
band, revealing the good quality of raw material. It is shown 
that G band shifts to higher frequency ( ∼ 13 cm  − 1 ) for GO and 
FG in composites compared with graphite, which is usually 
observed in oxidized graphene. [  17  ]  The ratio between the inten-
sity of D and G bands has been widely used as an indicator 
of amount of disorders. In this work, it is observed that GO 
has a lower I D /I G  compared to FG in composite, but the greatly 
broadening and overlapping G and D bands indicate GO con-
tained higher amount of defects (Figure  7 ). In fact, I D /I G  does 
not always increase monotonically with increasing defects in 
sp 2  carbon materials. It has been found that I D /I G  will decrease 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  7 .     Raman spectra of GO, graphite and composites with graphene 
content of 0.42, 0.66, 1.56 and 2.35 vol.%.  
with increasing amount of defects when graphene turns from 
nanocrystalline to amorphous, which can be understood 
through a competing mechanism proposed by Jorio et al. [  18  ]  
It is very likely that chemically oxidized graphene follows the 
similar evolution relationship.  

 Instead of I D /I G , the separation of D ′  from G band can be set 
as a criterion to further estimate the extent of reduction. Defects 
result in the appearance of D and D ′  bands, but with increasing 
amount of defects D’ will become stronger while shift to 
lower frequency and fi nally merge with G band. [  18  ,  19  ]  Thus it 
is reasonable to conclude that the reversal process denotes the 
decreasing of defects. As shown in Figure  7 , D ′  band cannot be 
distinguished in GO, but in the composites its existence can 
be identifi ed, indicating higher reduction level caused by high 
temperature sintering. The information contained in 2D band 
appearing around 2680 cm  − 1  can be set as another criterion. 
Although the shape of 2D band is generally used for quanti-
fying the number of graphene layers, the identifi cation is well 
established only for graphene that have AB bernal stacking. [  20  ]  
Since most of the observed FG in the composites have 3 layers, 
the single lorentzian shape of G’ band (Figure  7 ) suggests that 
the stacking of graphene was more like turbostratic after sin-
tering. Rather than the shape of 2D band, it was found that the 
2D to D + D ′  intensity ratios (I 2D /I D + D ′  ) provide a better correla-
tion with the reduction of graphene, because 2D band is sensi-
tive to the aromatic carbon structure whereas the combination 
mode of D + D ′  is lattice disorder induced band for crystalline 
graphitic materials. [  21  ]  This is consistent with our observation 
that 2D band of FG reappeared with increased I 2D /I D + D ′   in FG/
Al 2 O 3  composites. Besides, it is also can be seen that there is no 
noticeable difference of FG quality in composites with varying 
graphene content. To sum up, albeit certain amount of struc-
tural disorders were left in the graphene plane, a high level of 
reduction and graphitization has been achieved in as-prepared 
FG via SPS. 

   2.4. Electrical Properties of FG/Al 2 O 3  Composites 

 For FG/Al 2 O 3  composites, the fi ller volume fraction was calcu-
lated after considering the weight loss of GO during SPS (see 
Experimental Section). The electrical conductivity as a function 
of graphene volume fraction at room temperature is fi tted by 
using the power law ( Figure    8  a):

 
σc = ϕ ϕ ϕf [( − c ) / (1− c )]t

  (3)     

 where   σ  f   is the conductivity of the fi ller,   ϕ   is the fi ller volume 
fraction,   ϕ  c   is the percolation threshold volume fraction and 
t is the universal critical exponent. The percolation threshold 
of FG/Al 2 O 3  composite is only 0.38 vol.%, which is slightly 
higher than the prediction value of geometric percolation 
threshold ( ∼ 0.13 vol.%) in the composite whose disk-shaped 
fi ller has an aspect ratio of 1000. [  22  ]  Interestingly, the perco-
lation threshold is even lower than the best value obtained 
in carbon nanotube/metal oxide composites (0.64 vol.%), [  23  ]  
whereas prolates (rod-like) are supposed to percolate at one-
half the volume fraction of oblates (disk-like) according to the 
percolation theory. [  22  ]  The lower percolating value of FG/Al 2 O 3  
composite can be ascribed to a better dispersion of graphene 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3882–3889
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     Figure  8 .     (a) Electrical conductivity of FG/Al 2 O 3  composites (  σ  c  ) as a 
function of fi ller volume fraction ( ϕ ), inset: log   σ  c   plotted against log( ϕ   −  
 ϕ   c  ), where   ϕ  c   is the percolation threshold; (b) Hall coeffi cient (R H ) plotted 
against fi ller volume fraction ( ϕ ).  
in the matrix and better contact between conductive nano-
particles. [  7  ]  Above percolation threshold, the electrical con-
ductivity of FG/Al 2 O 3  composite sharply increased with the 
graphene volume fraction, especially at low loading region. 
The electrical conductivity of FG/Al 2 O 3  composite is more 
than 1 Sm  − 1  at only 0.42 vol.% and reaches 30 Sm  − 1  at only 
0.6 vol.%. By increasing the graphene content to 2.35 vol.%, 
a conductivity of 1038.15 Sm  − 1  is achieved. Noticing that the 
conductive phase content should be as high as 5.7 vol.% in 
carbon nanotube/Al 2 O 3  composite to reach the same level of 
conductivity, [  24  ]  this result shows the unparalleled advantage 
of graphene as reinforcing phase in composites compared 
with other carbon materials. In addition, it also proves the 
success of our method in homogeneous dispersion of FG and 
high level of reduction from GO. The electrical conductivity 
of as-prepared FG can be estimated by the linear fi tting to the 
log-log plot of conductivity versus (  ϕ   −   ϕ  c  ), which resulted in 
t  =  1.84  ±  0.13 and  σ   f    ≅  9.67  ×  10 5  Sm  − 1 . The calculated elec-
trical conductivity is 35% higher than GO fi lm annealed at 
1100  ° C, [  15  ]  benefi tting from a higher temperature adopted in 
sintering process. However, the value was still lower than the 
intrinsic value of perfect graphene, [  25  ]  refl ecting the signifi cant 
infl uence of defects and ceramic environment. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3882–3889
 To further explore the electrical properties of as-prepared 
composites, hall coeffi cient (R H ) of FG/Al 2 O 3  composites (GO) 
with different graphene content was measured. Figure  8 b 
shows that the absolute value of R H  decreased with increasing 
graphene content. Since increasing graphene content resulted 
in increasing charge density, this tendency reveals R H  obeyed 
the usual relation of  |  R H   |   ∝  1/ ne , where n is the charge density 
and e is the electron charge. However, it is striking to observe 
that hall coeffi cient reversed its sign from positive to negative 
after the graphene content became high, revealing the conver-
sion of major charge carrier. We further confi rmed this conver-
sion by measuring the thermopower of composites. It is found 
that the Seebeck coeffi cient was positive in the composite with 
low graphene content, but changed to negative in the composite 
with high graphene content (supporting information, S2). This 
phenomenon is very unique that has never been observed in 
other composites. Usually the carrier type of composite is deter-
mined by the conductive fi ller and the intrinsic characteristics 
like carrier type do not depend on the fi ller material’s quantity. 
In the case of graphene based composites, however, one thing 
that inevitably changes after fi ller content becoming high is the 
average thickness of FG fl akes. When more and more graphene 
layers are dispersed in matrix, the opportunity of overlapping 
between different FG fl akes will increase and sometimes the 
restacking cannot be avoided as well, which results in the rise 
of electrical conductivity and slightly increases the thickness of 
FG. Hence we deduce the conversion of carrier type is closely 
related to the increasing thickness of FG and can be interpreted 
as follows. 

 Firstly, the intrinsic carrier type of thermally reduced GO 
should be electron. It has been reported that the chemically 
reduced and annealed GO fi lms (composed of 3–5 layers 
graphene) exhibit graphite-like semi-metals characteristics and 
the electron mobility is generally higher than the hole mobility 
in vacuum. [  26  ]  Thereby it can be inferred that the intrinsic car-
rier type of as-prepared graphene is more resembling to that of 
few layers graphene, since the C 1s peak of XPS spectra show 
that the reduction level of graphene in this work is better than 
the reported graphene fi lm. Secondly, the positive Hall coef-
fi cient presumably arises from the doping induced by matrix. 
The infl uence of substrate to properties of graphene has been 
noticed since the discovery of graphene. It is found that when 
the interaction between graphene and substrate is weak, such 
as the situation that micromechanical cleaved graphene on dif-
ferent substrates, the infl uence of substrates is negligible. [  27  ]  
However, when there is a strong interaction between graphene 
and substrate SiC substrate has no graphitic electronic prop-
erties and acts as a buffer layer that causes the subsequent 
graphene layer performs like isolated but doped graphene. [  28  ]  
In FG/Al 2 O 3  composite, the interaction between FG and 
matrix is strong because of the residual stress that stems from 
the difference of contraction after cooling. Graphene has a 
negative in-plane coeffi cient of linear thermal expansion from 
room temperature to 2000 K, [  22  ,  29  ]  while Al 2 O 3  has a positive 
one, which means during the cooling procedure graphene has 
a trend of expansion but the matrix will contract. As a result, 
great pressure will be generated and lead to very fi rm contact 
between FG and matrix. In addition, when exposed to envi-
ronment of low oxygen partial pressure at high temperature, 
3887wileyonlinelibrary.combH & Co. KGaA, Weinheim
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oxygen vacancies  
(
[V ′′

o ] ∝ (po2 )−1/6
)
   and aluminum interstitials 

 
(
[Al ′′′

i ] ∝ (po2 )−3/16
)
   are promoted as main point defects. [  30  ]  

These positively charged point defects act as electron acceptor 
to make graphene hole doped. Thus it can be inferred that the 
doping level depends on the concentration of oxygen vacancy 
and aluminum interstitials on the grain surface, but quantita-
tive investigation will not be given here. Although only the out-
ermost layers are doped by matrix, the inner layers also can be 
affected through charge transfer between layers. Therefore the 
Hall coeffi cient remains positive when most of fl akes contain 
a few graphene layers, such as the situation in the composite 
with graphene content of 0.66 vol.% (Figure  5 a and b). Finally, 
the Hall coeffi cient changes to negative when the graphene 
layers become thick. The electrical conductivity of composite 
can be enhanced by fi ller material in two ways. One is through 
establishing new conductive path in the matrix and the other 
is through increasing the cross area of formed path, which is 
the thickness of FG fl akes in the case of graphene based com-
posite. Because of the preparing strategy adopted in this study, 
the dispersion of FG in the matrix is homogeneous so that the 
former way is dominant when graphene content is low. Since 
new interfaces between FG and matrix continue forming in this 
procedure, the composites persist to be p-type. After graphene 
content becomes high, the conductivity will mainly increase 
through the second mechanism, such as the situation in the 
composite with graphene content of 1.56 vol.% (Figure  5 c 
and d). Since the total amount of hole-type carrier keeps 
unchanged statistically, the doping level will decrease with 
increasing graphene content and eventually the composite will 
perform as n-type. 

    3. Conclusions 

 An  ex situ  strategy is introduced to prepare GO/metal oxide 
hybrids without assistance of surfactant. By controlling the 
electrostatic interaction between GO and metal oxide particles, 
the corresponding hybrid material with homogenous disper-
sion of GO can be fabricated. As an example, GO/Al 2 O 3  hybrids 
has been obtained with GO composition in a range from 1.23 
to 1.92wt.% and from 2.88 to 11.5 wt.% by using two kinds of 
titration methods respectively. For FG/Al 2 O 3  composites, it is 
found by XPS and Raman spectra that the SPS treated FG fl akes 
possess very high quality. Oweing to the homogenous disper-
sion of high-quality FG in matrix, the percolation threshold of 
FG/Al 2 O 3  composite is as low as 0.38 vol.% and the electrical 
conductivity can reach 10 3  Sm  − 1  when graphene content is only 
2.35 vol.%. More interestingly, the charge carrier type is p-type 
when graphene content is low and changes to n-type when 
graphene content increases to high level. We deduce that the 
p-type composite with low graphene content arises from the 
doping induced by alumina matrix. When the average thick-
ness of FG fl ake increases, the graphene layers that do not con-
tact with the matrix compensate the doping effect and make the 
carrier type turned over. We believe this FG/Al 2 O 3  carrier type 
tunable composite is very promising for novel semiconductive 
materials applied in harsh environments (radiation, high tem-
perature, corrosion, etc.) 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
   4. Experimental Section 
  Synthesis of GO : GO was prepared by the modifi ed hummers method 

reported elsewhere. [  31  ]  Briefl y, purifi ed natural graphite (1 g, SP-1, Bay 
Carbon, MI) was added to a fl ask and fi lled with H 2 SO 4  (25 mL) at room 
temperature, followed by addition of KMnO 4  (3.5 g) slowly at 0  ° C (ice 
bath). After increase of temperature to 40  ° C, the mixture was stirred by 
magnetic stirring bar for 2h. Water (200 mL) was added into the mixture 
and then H 2 O 2  (30 wt%, 5 mL) was added to react with excess KMnO 4 . 
The as-prepared GO precipitated quickly because of the strong acid 
environment and the clear supernatant was decanted after a few hours. 
The precipitate mixture was washed with HCl solution (1M, 500 mL) by 
vacuum fi ltration for several times. Then water (200 mL) was added to 
the mixture and dialysis for a week to remove all the remaining metal 
species. More water (1L) was added to the purifi ed mixture followed 
by sonication to form GO colloid. Finally, the colloid was centrifuged 
at 4000 rpm for 30 min to remove graphite and large GO fl akes. The 
obtained GO colloid was very stable for several months and used to 
prepare all the composite samples. 

  Measurement of GO concentration and GO weight loss : For determining 
the concentration of GO colloid, fi rstly a 50mL vial was heated at 60  ° C 
in vacuum for 24 h and weighted immediately. Then 40 mL GO colloid 
was fi lled into the vial and heated at 80  ° C to remove most of the water. 
Finally the dried GO and vial were heated at 60  ° C in vacuum for further 
desiccation and then weighted immediately. From the weight difference 
between the vial with dried GO and empty vial the concentration of 
GO colloid can be calculated and the result is 4.95  ×  10  − 4  gmL  − 1 . The 
weight loss of GO at sintering temperature was measured by TGA using 
Rigaku Thermoplus2 thermo-gravimetric analyzer. The heating rate 
was 20  ° C min  − 1  under 100  ° C, 5  ° C min  − 1  from 100  ° C to 300  ° C and 
20  ° C min  − 1  again from 300  ° C to 1300  ° C. The temperature was holding 
at 100  ° C for 10 min to remove the adsorbing water. GO sample ( ∼ 5 mg) 
was measured in a platinum crucible under argon gas fl ow from room 
temperature to 1300  ° C. 

  Measurement of Zeta potentials : Zeta potentials of as-prepared GO 
colloid and  α -Al 2 O 3  colloid (1  ×  10  − 3  gmL  − 1 ) were measured using 
Zetasizer Nano ZS (Malvern, UK). This instrument utilizes Laser Doppler 
Micro-electrophoresis technique to measure zeta potential with a red 
laser (633nm). The pH values of both samples were adjusted by MPT-2 
Autotitrator (Malvern, UK) using HCl and NaOH solutions (0.01M). 
Before measurement, both samples were sonicated for 0.5h to achieve 
homogeneous dispersion. 

  Preparation of GO/Al 2 O 3  hybrids : The commercially available  α -Al 2 O 3  
powder (TM-DAR, Taimei Chemicals Co. Ltd., Tokyo, Japan), with a purity 
of 99.99% and an average particle size of 0.2  μ m was used in this study. 
As-received  α -Al 2 O 3  (5 g) was directly poured into a beaker without any 
treatment. Then water (500 mL) was added and the pH was adjusted to 
around 3.33 using HCl solution (1 M). After 1h sonication, an Al 2 O 3  colloid 
was formed. Two mixing methods have been exploited to prepare powder 
composites. In one method, certain amount of GO colloid (70 mL, 80 mL, 
90 mL, 100 mL and 110 mL) was added to the Al 2 O 3  colloid by titration 
while stirring. In the other method, the titration process was reversed 
in which Al 2 O 3  colloid was added to the GO colloid. The mixture was 
separated by vacuum fi ltration followed by drying at 80  ° C. 

  Sintering of FG/Al 2 O 3  composites : The bulk composites were prepared 
using SPS apparatus (Dr. Sinter 511-S, Sumitomo Coal Mining Co. 
Ltd., Japan). GO/Al 2 O 3  hybrid powder was loaded into a 12 mm inner 
diameter graphite die. A sheet of graphitic paper was placed between 
the punch and the powder while BN were sprayed between the die 
and powder for easy removal. The powders were sintered in a vacuum 
(residual cell pressure  < 6 Pa). The soaking time was 5 min and the 
heating rate was 100 K min  − 1 . The pressure was applied in two steps: the 
initial pressure of 32 MPa was applied, and consequently the pressure 
was increased to 60 MPa from 1000  ° C upwards and maintained during 
the dwelling time at 1300  ° C. 

  Calculation of fi ller volume fraction in composites : The mass loss of GO 
in composites during sintering was estimated by measuring the mass 
loss of GO without Al 2 O 3 . Certain amount of dried GO was loaded into 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3882–3889
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the graphite die without applied uniaxial pressure. GO was experienced 
the same procedure in sintering of FG/Al 2 O 3  composites by using SPS 
apparatus. After cooling the heated GO was taken out and its weight 
was measured. It was calculated that 35% mass remained after sintering 
procedure. The calculated mass loss percentage was used to estimate 
the fi ller volume fraction in composites. The density of FG (2.28 gcm  − 1 ) 
and  α -Al 2 O 3  (3.96 gcm  − 1 ) were used to calculate the fi ller volume fraction 
in composites. 

  Characterization : The morphology and microstructure of samples 
were characterized by fi eld emission SEM (JEOL JSM-6700F), TEM and 
HRTEM (JEOL 200CX). XPS measurements were performed with PHI5600 
equipment (Ulvac Phi, Kanagawa, Japan); for testing the graphene 
after sintering, the composite prepared from the GO/Al 2 O 3  hybrid 
with GO content of 0.79wt.% was used. Micro-Raman measurements 
were made with a SOLAR TII Nanofi nder (Tokyo Instruments Co.) 
with 532 nm wavelength incident laser light and a 100 ×  objective. The 
electrical conductivity and Hall coeffi cient were measured by Van der 
pauw method by using a Hall mearsurement system (ResiTest 8300 
series, Toyo Corp., Japan). 
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