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a  b  s  t  r  a  c  t

The  infrared  light,  accounting  for almost  half of  the  sun  light,  has  not  been  utilized  effectively  by  tradi-
tional  semiconductor-based  solar  energy  conversion  technology  that is  mainly  active  in  the  region  from
ultraviolet  to visible  light.  Thermoelectric  device  coupled  with  infrared-active  photothermal  material
provides  a unique  way  to  convert  the  infrared  light  into  electricity.  Here  we designed  a new  strategy
by  coating  graphene  oxide  on  a thermoelectric  device  to  realize  infrared  light  generated  electricity.  By
this  approach,  we  successfully  achieved  harvesting  infrared-generated  photo-voltage  to  improve  the
efficiency  of solar  light  driven  photocatalysis  via  a  photoelectrocatalytic  process.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Solar energy conversion is one of the most promising ways to
solve the current energy crisis. It has been widely reported that
solar radiation can be converted into electricity or chemical fuels
by semiconductor photovoltaic or photocatalytic materials [1–6].
However, most of these solar energy conversion materials, such
as Si, TiO2, II–VI, III–V, IV–VI and I–III–VI based semiconductors etc.
[7–12], are only active in the region from ultraviolet to near infrared
light. The infrared light, accounting for almost half of the sun light,
has not been utilized effectively by the current semiconductor-
based solar technology. To improve the solar energy utilization
efficiency, other technologies should be developed.

The infrared light typically dissipates their energy as heat by
photothermal effect. The most obvious way to harness the infrared
solar energy is converting this heat into other useful power source,
such as electricity. Thermoelectric (TE) device makes this conver-
sion possible [13]. However, the surface of commercial TE device
is insufficient for the infrared light absorption. Expansion of the
infrared light absorption of the TE devices is required for improving
their efficiency. This demand inspired us to explore the possibil-
ity of integrating graphene oxide (GO) on the surface of the TE
device to improve the photo-thermo-electric conversion efficiency.
As a novel material, GO was recently recognized as possessing
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surprisingly strong infrared light absorption [14]. This absorp-
tion is a new phenomenon specific to graphene-based structures,
which suggests a new means for harvesting solar energy. Based
on this performance, GO was  found exhibiting excellent infrared
photothermal conversion that can directly transform infrared pho-
toenergy into thermal energy, bringing promising signs in solar
energy utilization with high-efficiency [15,16]. Furthermore, GO is
easy to produce from natural graphite by chemical oxidation pro-
cedure through which natural graphite can be effectively oxidized
and exfoliated with the introduction of oxygen-containing func-
tional groups [17]. The presence of oxygen-containing functional
groups in GO endows it strongly hydrophilic. This is important for
obtaining a stable and homogeneous GO dispersion in water that
would be subsequently deposited on the surface of TE device by
common methods such as drop-casting, spraying, or spin-coating
[18].

Herein we  demonstrate that the photothermal effect of GO
can be utilized as a heat source for TE devices for the first time.
The GO coated TE device provides a new approach to convert
the infrared light into electricity. By this approach, the infrared-
generated photo-voltage could be used for improving the efficiency
of solar light driven photocatalysis via a photoelectrocatalytic pro-
cess.

2. Experimental

Synthesis: The GO was synthesized according to the modification
of Hummers’ methods and the process was  described previously
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Fig. 1. (a) AFM image of the graphene oxide, (b) the corresponding section analyses of a.

[19,20]. The obtained GO was dispersed in water (0.5 g/L) and sub-
sequently sonicated for 1 h. The GO coated commercial TE device
was prepared by drop-coating method using this GO dispersion.
The Bi2WO6 film electrode was synthesized according to the pre-
vious report [21]. The commercial TE device is p–n junction type
(n: Bi2Te3-Bi2Se3 solid–solution; p: Bi2Te3-Sb2Te3 solid–solution)
with a laminar size of 3 cm × 3 cm.

Characterization: Atomic force microscopy (AFM) was  acquired
by using a NanoScape SPM (Digital instrument Inc.) with Picoscan
v5.3.3 software. Samples for AFM images were prepared by deposit-
ing GO on a freshly cleaved mica surface and allowing them to
dry in air. The infrared thermal image of the TE device was  per-
formed by Flir T335 Thermal Imaging Camera. Fourier transform
infrared (FTIR) spectroscopy was performed with a spectropho-
tometer (Nicolet 380, Thermo, USA) with the KBr pellet technique.

Electrochemical measurements:  I–V measurements of TE devices
were performed on a CHI 660D electrochemical workstation
(Shanghai Chenhua, China) by using two electrodes without a ref-
erence electrode under the irradiation of 100 W PHILIPS infrared
lamp. I–V measurements of the TE device coupled photocatalytic
system were performed on a CHI 660D electrochemical worksta-
tion (Shanghai Chenhua, China) using a standard three-electrode
cell with a working electrode, a platinum wire as counter electrode,
and a standard saturated calomel electrode (SCE) in saturated KCl
as reference electrode. The simulated solar light source employed
was a 500 W xenon light.

Photocatalytic test: Photocatalytic test of the TE device assisted
photocatalytic system was evaluated by the degradation of phenol
under the irradiation of a 500 W Xe lamp in a quartz reactor. The
reactor containing 10 mL  of phenol (8 mg/L) solution was placed
10 cm away from a 500 W Xe lamp. The concentration of phenol
was monitored by measuring the absorbance at 269 nm using a
Hitachi U-3010 UV–visible spectrophotometer.

3. Results and discussion

The proof-of-concept experiments were performed by coating
GO sheets on a commercial TE device. Fig. 1a is the AFM image
of the GO used in this study. The cross section analysis (Fig. 1b)
of the AFM image indicates a height of 1 nm for the GO sheets,
indicating the GO sheets used in this study are monolayer [22–24].
The monolayer GO sheets are advantageous for obtaining a stable
and homogeneous GO dispersion for integrating with the TE
device. Furthermore, GO has a large number of oxygen-containing
functional groups such as the C OH group which could largely
absorb infrared light [25,26]. Recent studies indicated GO is
amphiphilic and surface active. It is apt to adhere to interfaces and
lower the interfacial energy [18,27,28]. These features facilitate
GO to form a uniform and stable coating on the surface of TE
device by a drop-casting method. As anticipated, the prepared GO
sheets exhibited excellent infrared light absorption property (Fig.

S1 in the Supporting information). For this reason, the surface
temperature of the GO coated TE device increased quickly under
the irradiation of infrared light, which is advantageous for the ther-
moelectric conversion. Fig. 2a is the infrared thermal image of the
GO coated TE device under the irradiation of a 100 W infrared lamp
(0.78–2.8 �m).  The uneven distribution of the surface temperature
is attributed to the different thickness of the coated GO. The area
which possesses thicker GO coating attend a temperature of 96 ◦C
within 5 min, meanwhile the temperature of its adjacent area with
thinner GO coating is 86 ◦C. From Fig. 2a, it is obvious the infrared
thermal image and the photograph (inset of Fig. 2a) exhibited the
same pattern, which comes from the thickness nonuniformity of
GO coating on the surface. This indicates coating GO on the surface
of the TE device could evidently improve the thermal response of
the TE device. For comparison, the infrared thermal image of the
bare TE device without GO coating was also detected, as shown in
Fig. 2b. It exhibits a much lower temperature of about 74 ◦C under
the same conditions, further proving the enhancement of thermal
response of the TE device by integration of GO.

Fig. 3a shows representative current (I)–voltage (V) character-
istics of TE device measured in the dark and under illumination of
infrared light. The linear I–V curve suggests an ohmic contact in the
TE device [29]. It was  observed that both in darkness and under illu-
mination, the TE device shows almost the same resistance, because
the slope of the I–V curve was  only slightly enhanced. It was also
found the GO coated TE device exhibits a higher resistance under
the potential of 0–0.2 V. The increased resistance is caused by the
obvious improved surface temperature of the GO coated TE device
under the illumination of infrared light. Because of this improved
temperature, a more than twice increase in current is observed
(Fig. 3a) for the GO coated TE device, comparing with bare TE device
under the same infrared light irradiation. This increased current can
be ascribed to the photothermal effect from the integrated GO.  In
order to further study the effect of GO coating on the thermoelectric
response of the TE device, the discussion of current vs. time under
the illumination of infrared light is displayed in Fig. 3b. A constant
bias potential of 0.002 V is maintained for both of the TE device
and the GO coated TE device during the measurement. As shown in
Fig. 3b, the thermal induced current is immediately generated as a
result of infrared light irradiation. The maximum current is 52 mA
for bare TE device, while it is 87 mA for the GO coated TE device
after irradiation for 5 min. It is observed the current increase of GO
coated TE device is much faster than the bare device in the first 100 s
from Fig. 3b. The essential reason for the improvement of the ther-
mal  response of GO coated TE device is that the GO coating favors
the infrared light absorption to increase the surface temperature of
the TE device rapidly.

Though the intensity of electricity from the TE device by
infrared light irradiation is diminutive, it is useful to imposing on
photovoltaic device to increase the photoconversion efficiency,
such as in the photoelectrocatalytic applications. For a widely
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