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ABSTRACT: ZnO as high-temperature thermoelectric material suffers from high
lattice thermal conductivity and poor electrical conductivity. Al is often used to n-
dope ZnO to form Zn1−xAlxO (AZO). Owing to very limited Al solubility (less
than 2 atom %) in AZO, however, electrical conductivity is difficult to improve
further. Moreover, such a low concentration of Al dopants can hardly reduce the
thermal conductivity. Here, we propose slightly adding chemically reduced
graphene oxides (rGOs) to AZO in various contents to modulate the carrier
concentration and simultaneously optimize the electrical and thermal
conductivities. Such nanocomposites with rGO embedded in AZO matrix are
formed on the molecular level by one-step solution chemistry method. No obvious
changes are found in crystalline structures of AZO after introducing rGOs. The
rGO inclusions are shown to uniformly mix the AZO matrix that consists of
compacted nanoparticles. In such AZO/rGO hybrids, Zn2+ is captured by the
rGO, releasing extra electrons and thus increasing electron density, as confirmed
by Hall measurements. The phonon-boundary scattering at the interface between
AZO and rGO remarkably reduces the lattice thermal conductivity. Therefore, a
respectable thermoelectric figure of merit of 0.28 at 900 °C is obtained in these
nanocomposites at the rGO content of 1.5 wt %, which is 8 times larger than that of pure ZnO and 60% larger than that of
alloyed AZO. This work demonstrates a facile wet chemistry route to produce nanostructured thermoelectric composites in
which electrical conductivity can be greatly increased while largely lowering thermal conductivity, collectively enhancing the
thermoelectric performance.
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1. INTRODUCTION

Thermoelectric (TE) materials can directly transfer waste heat
from automobile exhaust systems or excess solar thermal flux
into electrical power.1,2 These energy utilizations are eco-
friendly and non-polluting. Therefore, TE devices have been
recognized for a long time as a highly promising transformative
technology to reduce global energy consumption. Research on
TE materials has attracted great interest from both scientific
and industrial communities.3−6 The TE performance is
characterized by a dimensionless figure of merit zT = S2σT/κ,
where T is the absolute temperature, S is the Seebeck
coefficient, σ is the electrical conductivity, and κ is the thermal
conductivity which consists of the electronic thermal
conductivity (κe) and the lattice thermal conductivity (κL).
Therefore, the simultaneous increase of electrical conductivity
and Seebeck coefficient along with reduction of thermal
conductivity are favorable for the enhancement of zT.

By far, the most efficient TE materials include Bi2−xSbxTe3-
based materials near room temperature,7 PbTe-based materials
in medium temperature regime (500−900 K),8 and SiGe alloys
in high temperature regime (>900 K).9,10 All these materials
contain elements such as Bi, Pb, Te, and Ge, which are
expensive and toxic. Recently, ZnO became a potential
candidate for high-temperature TE materials due to its
nontoxicity, low cost, and excellent thermal stability.11

However, the main drawback of ZnO for TE applications is
its low electrical conductivity due to the low carrier
concentration. Adding dopants is considered a feasible route
to increasing the carrier concentration. For example, Al and Ga
were often used n-type dopants for ZnO while tuning its crystal
structure due to the similar ionic radii of Al3+ and Ga3+ to that
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of Zn2+.12 These doped ZnO-based oxidesAl-doped ZnO
(AZO), Ga-doped ZnO (GZO), and Al and Ga codoped
ZnOhave been successfully made for realization of high
temperature TE power generation.13−17 For instance, AZO
with an optimum composition ratio, Zn0.98Al0.02O, reached a
high zT of 0.30 at 1000 °C by ball-milling Al2O3 and ZnO
powders.15 Al and Ga codoped ZnO with an optimum
composition ratio, Zn0.98Al0.02Ga0.02O, reached a high zT of
0.65 at 1000 K by sintering a mixed powder of ZnO, Al2O3, and
Ga2O3. More recently, a zT of 0.44 at 1000 K was obtained in
AZO that was made by microwave synthesis with an average
size of ∼65 nm.16 However, the miscibility of Al (or Ga) with
ZnO was very poor. Moreover, excessive Al (or Ga) contents
inevitably resulted in a secondary phase, which would
deteriorate carrier transport properties.12 An alternatively
effective approach is thus highly needed for creating doped
ZnO nanocomposites to ensure the molecular miscibility while
enhancing the electrical conductivity.
The formation of organic−inorganic hybrids with doped

material can not only increase the carrier concentration but also
reduce the thermal conductivity due to phonon-boundary
scattering at interfaces, thereby greatly improving the TE
performance.18−20 For instance, Zn1−xNixO/polyparaphenylene
(PPP) composites were shown to optimize the TE performance
with simultaneous electrical conductivity enhancement and
thermal conductivity reduction.21 The hybrid materials
exhibited dual effects of both increasing electrical conductivity
and reducing thermal conductivity. Optimum Zn0.95Ni0.05O/
PPP nanocomposites containing 5 wt % PPP exhibited an
increase of electrical conductivity by ∼45% at 650 K and a
reduction of thermal conductivity by ∼30% at 1173 K. On the
other hand, graphene, a two-dimensional (2D) flat monolayer
of sp2-bonded carbon atoms, has recently attracted tremendous
attention owing to its superior merits of large specific surface
area and good electrical conductivity.22 These favorable
characteristics make graphenes potentially excellent TE
materials.23−25 Therefore, it can be envisioned that integration
of graphene into inorganic TE materials would enhance their
TE performance. One such example was recently reported by
Dong et al. that the in situ chemistry method was used for
PbTe−graphene nanocomposites for TE applications.26 In their
work, PbTe nanoparticles were uniformly anchored on the
surface of graphene which was used as both the dispersant and
the 2D growth template, forming a unique hybrid nanostruc-
ture. The ultrahigh electron mobility of graphene improved the
electrical conductivity of the nanocomposites, while the
intercalative hybrid structures increased the concentration of
interfaces which resulted in the greatly lowered thermal
conductivity.
To our knowledge, there are few reports on utilizing

graphene to enhance the TE properties of ZnO. Here, we
report a wet chemistry method of in situ preparation of bulk
composite materials of AZO and reduced graphene oxide

(rGO) for TE applications. Solution fabrication of hybrid
materials enables the formation of nanostructured composites
on the molecular level and the use of facile doping methods to
enhance the TE properties.27 Compared to pure AZO, the
slightly graphene doped nanocomposites in this study can
significantly improve TE properties of AZO with an increase of
electrical conductivity and a reduction of thermal conductivity.
We obtained a maximum zT value of 0.28 at 900 °C, which is 8
times larger than that of pure ZnO and 60% larger than that of
alloyed AZO. In such AZO/rGO nanocomposites, the
introduction of rGO offers a novel way to modulate the carrier
concentration which is crucial of improving the TE properties.
During the preparation of this report, the latest report by Lee et
al. demonstrated the similar preparation of single-crystalline
ZnO−rGO nanocomposites; however they were made using a
two-step wet chemistry method.28

2. RESULTS AND DISCUSSION

2.1. Synthesis of AZO/rGO Nanocomposites. A facile
one-step method of chemical synthesis was used to fabricate
molecular hybrid materials of AZO/rGO. The experimental
procedure is schematically illustrated in Figure 1, and the details
are described in the Experimental Section. Two batches of
precursor solutionsrGO and a mixture of Zn(NO3)2·6H2O
and Al(NO3)3·9H2O (1−2 atom %) in deionized waterwere
prepared and then mixed overnight at room temperature. After
the mixture was heated to 100 °C, a viscous gel formed and was
dried overnight at 80 °C under vacuum. The crude products
were ground into fine powders and then subject to vacuum
annealing at 500 °C for 2 h, forming the AZO/rGO hybrids.
For simplicity of discussion and also because of better electrical
conductivity in 2 atom % Al-doped ZnO, we chose
Zn0.98Al0.02O/rGO hybrids for the following comparative
studies in which ZnO and AZO (Zn0.99Al0.01O and
Zn0.98Al0.02O) nanoparticles were prepared separately.
As schematically depicted in Figure 2, the hybrid composite

Zn0.98Al0.02O/rGO, for instance, was formed by adsorption of
Zn2+ (majority, 98 atom %) and Al3+ (minority, 1−2 atom %)
ions onto the surface of the rGO nanosheets, and their
subsequent chemical reactions with carboxylic acid, hydroxyl,

Figure 1. Schematic of the experimental procedure for preparing AZO/rGO hybrid materials.

Figure 2. Schematic illustration of possible mechanisms of forming the
Zn0.98Al0.02O/rGO composites as an example.
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and carbonyl groups of rGOs. During the hybrid formation,
both Zn2+ and Al3+ ions were captured by rGO, thus releasing
extra electrons and increasing electron carrier concentration.
Thus, introduction of rGOs to AZO is expected to enhance the
TE performance.
2.2. Phase Structures. X-ray diffraction (XRD) experi-

ments were conducted for studying the influences of Al-doping
and rGO addition on the crystalline structures of ZnO, and the
comparative results are shown in Figure 3. The pure ZnO

sample displayed all characteristic orientation peaks as marked
in the figure. Upon the addition of Al at 1 atom % and 2 atom
%, respectively, the alloyed Zn1−xAlxO samples showed no
difference of XRD patterns from pure ZnO, indicating that
delicate Al-doping did not change the crystalline structures of
ZnO. Furthermore, when introducing rGO at various contents
of 1.5, 2.5, and 3.5 wt % to form the AZO/rGO nano-
composites, the XRD patterns remained nearly the same, also
implying the little influence of rGO on the crystalline structures
of ZnO.

2.3. Morphology. Figure 4 displays the morphologies of
the pure ZnO, AZO alloys, and Zn0.98Al0.02O/rGO hybrids, as
measured by field-effect scanning electron microscopy (FE-
SEM). Note that these SEM images mainly visualize ZnO
particles, as well as slight Al dopants, and the rGO domains are
nearly invisible due to the nature of the ultrathin layers. Figure
4a shows the agglomerated and nonuniform ZnO powders with
an average size of 200−400 nm. Figure 4b reveals the existence
of Al in the composite powders, as marked in red circles and
confirmed by energy-dispersive X-ray (EDX) profiles (Figure
S1, Supporting Information). As shown in Figure 4c, with
increasing Al content, the grain size of the AZO particles
became smaller and more agglomerated. Al doping not only
restricts the AZO particle size during the synthesis but also
inhibits its grain growth during sintering presumably by grain
boundary pinning.16 In the Zn0.98Al0.02O/rGO hybrids,
however, the AZO particle sizes were smaller and more
uniform at a content of 1.5 wt % rGO (Figure 4d) because the
presence of rGO was dispersed between AZO particles, which
hindered the AZO grain growth. As the rGO content increased
to 2.5 wt %, the particle sizes became nonuniform again (Figure
4e) due to the aggregation of rGO nanosheets. Furthermore, at
the rGO content of 3.5 wt %, more aggregated rGO nanosheets
were difficult to disperse between ZnO particles and as a result
the particle sizes became bigger (Figure 4f).

2.4. Hall Measurements. We performed Hall measure-
ments on the above samples to obtain the Hall mobilities (μH)
and the carrier concentrations (ne). Figure 5a shows their
dependence on Al contents (atom %), in which ne increased
from 1.22 × 1018 cm−3 in pure ZnO to 1.5 × 1019 cm−3 and
3.17 × 1019 cm−3 in AZO with 1.0 and 2.0 atom % Al contents,
respectively. This is due to the substitution of Zn2+ with Al3+ in
AZO, creating one more electron. The μH first decreased from
16.7 cm2 V−1 s−1 in pure ZnO to 15.9 cm2 V−1 s−1 in AZO with
1.0 atom % Al content, owing to the ionized impurity (Al3+)
scattering. Then, the μH increased to 22.9 cm2 V−1 s−1 in the
doped sample with 2.0 atom % Al content, possibly due to the
distortion of band structures of ZnO by excessive Al doping.
The reason is that the μH is inversely proportional to the

Figure 3. XRD patterns of AZO/rGO nanocomposites in comparison
with ZnO and AZO.

Figure 4. SEM images of (a) ZnO, (b) Zn0.99Al0.01O, (c) Zn0.98Al0.02O, (d) Zn0.98Al0.02O/rGO (1.5 wt %), (e) Zn0.98Al0.02O/rGO (2.5 wt %), and (f)
Zn0.98Al0.02O/rGO (3.5 wt %). Red circles indicate the Al in AZO as confirmed by EDX measurement.
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effective mass, which is an important parameter of band
structure and can be changed when Al is doped into ZnO.
When introducing rGO into AZO, both ne and μH increased

first and then decreased as the rGO content increased (Figure
5b). The maximum ne (1.98 × 1020 cm−3) and μH were reached
at the rGO content of 1.5 wt %. To explain such variations that
depend strongly on the rGO contents, we propose that there
exist two competing mechanisms that affect the ne. On one
hand, the majority of Zn2+ ions are captured by rGO to release
extra electrons, causing a significant increase of ne.

26 In other
words, the carbons in rGO act as the donor in the ZnO crystal
lattice.28 On the other hand, rGO acts as a p-type dopant in
AZO, which would decrease ne. As seen from Figure 5b, when
the content of rGO was smaller than 1.5 wt %, the dependence
of rGO content was dominated by the former mechanism,
while the latter mechanism accounted for that of rGO contents

greater than 1.5 wt %. Similar experimental results were
recently reported on PbTe−graphene nanocomposites;26

however, researchers failed to interpret the slight decrease of
carrier density when the rGO content was higher than the
optimum 10 wt %. As for μH, there are the same tendency as ne
in Figure 5b. Considerably high electron mobility of graphene
accounts for such a tendency when the rGO content is smaller
than 1.5 wt %. However, higher rGO content (2.5 and 3.5 wt
%) can result in much more interface concentrations between
Zn1−xAlxO and rGO, which cause the reduction of μH value.

2.5. Thermoelectric Properties. The electrical conductiv-
ity and the Seebeck coefficient were measured simultaneously
by the steady-state four-probe method in the range of
temperature of 25−900 °C. The experimental results of
electrical conductivity and Seebeck coefficient were fitted by
using the following Boltzmann transport equations:29

Figure 5. Hall spectra of (a) AZO and (b) AZO/rGO nanocomposites.

Figure 6. Temperature dependence of TE properties of AZO and AZO/rGO composites in the range of 25−900 °C. (a) Electrical conductivity; (b)
Seebeck coefficient; (c) lattice thermal conductivity, (inset) total thermal conductivity (κ); and (d) zT. In graphs a and b, the points are experimental
data, and the fitted lines are the corresponding simulated results. In graphs c and d, the lines are plotted as a guide for the eye.
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where e is the electron charge; m* is the effective mass of
electron; k is the wave vector of electron; μ is the chemical
potential; E = ℏ2k2 /(2m*) is the kinetic energy of electron,
where ℏ is the Plank constant; and f 0 = {exp[(E − μ)/
(kBT)]+1}

−1 is the Fermi−Dirac distribution, where kB is the
Boltzmann constant. The energy dependent relaxation time τ is
calculated by using the Mathiessien’s rule.30 All the possible
scattering mechanisms such as the electron-acoustic phonon
scattering, the electron−optical phonon scattering, the
electron-impurity scattering, and the electron−interface scatter-
ings were considered in our calculations.31,32

Figure 6a shows the temperature dependence of electrical
conductivity of AZO/rGO nanocomposites. The points are the
experimental data, and the curves with the same color are the
theoretical fitting with reasonable fitting parameters. The
calculated results are in good agreement with the experimental
data. We found that the σ decreased gradually with increasing
temperature since the relaxation time of the electron−phonon
scattering in eq 1a is inversely proportional to the temperature.
As for different samples at room temperature, σ increased from
21.6 S/cm in pure ZnO to 176 S/cm in AZO with 2.0 atom %
Al content. Furthermore, in the Zn0.98Al0.02O/rGO sample, σ
was greatly enhanced. When the content of rGO was 1.5 wt %,
σ attained the maximum value of 2200 S/cm at room
temperature, which is 10 times larger than that of
Zn0.98Al0.02O due to the highest carrier concentration of
AZO/r-GO hybrids. Although σ then decreased to 1000 S/
cm at 900 °C, it still remained much higher than that in all of
the other samples. As the rGO content increased to 2.5 and 3.5
wt %, σ further decreased because of lower carrier
concentration as indicated in Figure 5b.
Figure 6b shows the temperature dependence of the Seebeck

coefficient (S) of AZO/rGO nanocomposites in comparison
with pure ZnO and alloyed AZO. The sign of S is always
negative for all samples, indicating that the charge carriers are
electrons rather than holes. The absolute value of S
monotonically increased with increasing temperature since
more electrons are distributed to high energy states; in other
words, the average energy of electrons becomes larger. The
absolute value of S first decreased and then increased with
increasing Al contents. The absolute S in the AZO/rGO
hybrids with 1.5 wt % rGO content was lower than that in
AZO. Further increasing the rGO content (>1.5 wt %), the
carrier concentration was significantly decreased and thus the
absolute S increased yet not exceeding that of AZO.
Figure 6c shows the temperature dependence of the lattice

thermal conductivity (κL) of all samples with an inset showing
the dependence of total thermal conductivity (κ). The κL (= κ
− κe) was calculated using the Wiedemann−Franz law κe =
LσT, where L is Lorentz number (2.45 × 10−8 W Ω K−2).1,2

With increasing temperature, both κ and κL were reduced due
to stronger phonon−phonon scattering. With increasing Al
content from 1 atom % to 2 atom %, both κ and κL decreased
because of additional phonon-impurity scattering where Al
atoms play rules as scattering centers. When the rGO was

introduced to the Zn0.98Al0.02O, κL increased with increasing
rGO content. κL is affected collectively by increased thermal
conductivity with increasing rGO content, and decreased
thermal conductivity resulting from the phonon−boundary
scattering between AZO and rGO.33 By contrast, the variation
of κ with the rGO content (Figure 6c inset) is more
complicated because κ is the sum of LσT and κL where σ
decreased with increasing rGO content (Figure 6a), while κL
increased as discussed above. As a result, the lowest κL was
reached at 900 °C for the sample with the lowest 1.5 wt % rGO
content, while the lowest κ was reached for the sample with the
highest 3.5 wt % rGO content.
As a consequence, the zT values of all the samples are

calculated and shown in Figure 6d. The highest zT of 0.28 was
obtained at 900 °C in Zn0.98Al0.02O/rGO (1.5 wt %), 8 times
larger than that of pure ZnO sample and 60% larger than that
of the Zn0.98Al0.02O sample. This indicates that integration of
rGO into ZnO to generate the molecular hybrids is a promising
approach to a significant increase of electrical conductivity
while considerably lowering the lattice thermal conductivity,
collectively leading to a respectable zT.
It should be noted that low zT values of AZO/rGO hybrids

primarily resulted from the poor TE performance of as-
synthesized AZO, which is nevertheless consistent with the
previous results by others.13,21 The reason is that the much
larger size of AZO domains produced in this method, as
compared to those produced by microwave synthesis,16 is
difficult to reduce the thermal conductivity.33 Future work will
thus focus on developing an improved synthetic route to AZO
nanoparticles with highly reduced size, which will lead to
significantly improved TE performance of AZO and its hybrids
with rGO.

3. CONCLUSIONS
In summary, we have demonstrated a one-step solution
chemistry route to create molecular-level nanostructured
thermoelectric composites of AZO/rGO. Introduction of
rGOs into AZO remarkably increases the carrier concentration
and creates more domain boundaries, resulting in higher
electrical conductivity and lower thermal conductivity. Effects
of rGO contents on the thermoelectric properties of AZO
based nanocomposites have been investigated. The maximum
zT value of about 0.28 was obtained at 900 °C for the
nanocomposites with the 1.5 wt % rGO content, 8 times and
60% higher than that of pure ZnO and AZO, respectively. It is
envisioned that further increasing zT requires the significantly
lower thermal conductivity, which can be achieved by
introducing the heavy atom into the molecular hybrids.

4. EXPERIMENTAL SECTION
4.1. Preparation of ZnO−Graphene Oxide Hybrid Materials.

Two batches of precursor solutions were prepared at first. In one
batch, graphite oxides that were prepared from graphite powder (<45
μm, ≥99.99%, Sigma-Aldrich) by a modified Hummer’s method were
dissolved in 100 mL of deionized water with sonication for 120 min to
form a homogeneous solution. To the graphite oxide solution was
added 70 μL N2H4, and the mixture was heated to 100 °C for 12 h
under stirring and reflux to obtain reduced graphene oxides. In the
other batch, Zn(NO3)2·6H2O (Sinopharm, 98%) was mixed with
Al(NO3)3·9H2O (Sinopharm, 98%) at 1−2 atom % in 100 mL of
deionized water with sonication for 10 min to form a homogeneous
mixed solution, followed by aging for 12 h. These two batches of
precursors in aqueous solution were then mixed under stirring
conditions overnight at room temperature and subsequently heated to
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100 °C, forming a viscous gel. The gel was dried overnight at 80 °C
under vacuum. The crude products were ground into fine powders and
then loaded into a porcelain boat and placed in a vacuum annealing
furnace (GSL-1400X, KJMT, Inc., China). The crystalline phases were
obtained by calcination of the amorphous xerogel at 500 °C for 2 h,
thus forming AZO/rGO nanocomposites. Then, the powders were
pressed into circular pellets and sintered at 900 °C and under 75 MPa
for 2 h in an Ar atmosphere. For comparison, we made ZnO and AZO
nanoparticles according to the method of preparing the second batch
of precursor solution.
4.2. Characterizations and Measurements. Phase structures of

as-prepared samples were characterized by X-ray diffraction (XRD;
Bruker AX D8 Advance) using nickel filtered Cu Kα radiation (λ =
1.5406 Å). XRD pattern data for 2θ values ranging from 25−75° were
collected. Field-effect scanning electron microscopy (FE-SEM, Hitachi
S-520) coupled with energy-dispersive X-ray (EDX, 20 kV) were used
to study the microstructure of the samples. The Hall coefficient
measurements were performed on Accent HL5500PC system at room
temperature. For thermoelectric measurements, samples were cut into
rectangular shapes. The electrical conductivity and Seebeck coefficient
were measured simultaneously by the standard four-probe method
(Linseis LSR-3/1100) from 25 to 900 °C under a He atmosphere. The
thermal conductivity was determined using the equation κ = DCpd.
The thermal diffusivity (D) was measured using a laser flash apparatus
(Linseis LFA 1000), the specific heat (Cp) measurement was
conducted on a DSC Q2000 TA differential scanning calorimeter,
and the density (d) was determined by the Archimedes’ method.
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