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Abstract: In the present work, a novel photocatalytic fuel cell (PFC) system involving a dual
heterojunction photoelectrodes, viz. polyaniline/TiO2 nanotubes (PANI/TiO2 NTs) photoanode
and CuO/Co3O4 nanorods (CuO/Co3O4 NRs) photocathode, has been designed. Compared to TiO2

NTs electrode of PFC, the present heterojunction design not only enhances the visible light absorption
but also offers the higher efficiency in degrading Rhodamine B–a model organic pollutant. The study
includes an evaluation of the dual performance of the photoelectrodes as well. Under visible-light
irradiation of 3 mW cm−2, the cell composed of the photoanode PANI/TiO2 NTs and CuO/Co3O4

NRs photocathode forms an interior bias of +0.24 V within the PFC system. This interior bias
facilitated the transfer of electrons from the photoanode to photocathode across the external circuit
and combined with the holes generated therein along with a simultaneous power production. In this
manner, the separation of electron/hole pair was achieved in the photoelectrodes by releasing the
holes and electrons of PANI/TiO2 NTs photoanode and CuO/Co3O4 NRs photocathode, respectively.
Using this PFC system, the degradation of Rhodamine B in aqueous media was achieved to an extent
of 68.5% within a reaction duration of a four-hour period besides a simultaneous power generation
of 85 µA cm−2.
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1. Introduction

Water pollution, a serious issue of global concern, is no doubt a grave threat to human health
and societal progress. The contamination of natural water systems is mainly due to lack of effective
and viable techniques and excessive discharge of wastewater containing toxic organic contaminants.
Developing an effective purification technique to maintain a green ecological environment and
simultaneously recover the chemical energy stored abundantly in toxic organics that usually let
out as wastewater has become an urgent need of the hour [1–3]. A novel device, the so-called
photocatalytic fuel cell (PFC), constituted with a photoanode and a photocathode, for wastewater
treatment along with simultaneous electricity generation under solar irradiation, is an emerging and
attractive technique in the energy and environmental domain [4–6]. In this system, the electron/hole
pairs can be generated from the photoelectrodes under light irradiation in a defined wavelength
region. The electrons produced from the photoanode leave the holes and transfer through the external
circuit to the photocathode, and the holes at the photoanode are released for degradation of organic
compounds [7]. In addition, the PFC system, in which an n-type semiconductor generally used as
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photoanode with a Fermi level higher than that of the cathode, could develop interior bias which
facilitates the transfer of electrons from photoanode to photocathode thereby producing a concurrent
generation of electricity [8]. The existing PFC systems constituting TiO2 and Pt as photoelectrodes [3,8]
have severe limitations because TiO2 responds most to ultraviolet (UV) region light and suffers from
the high probability of electron/hole pair recombination [9]. Using Pt as photocathode is obviously
not a viable approach, which would eventually restrict its application to a large-scale level [10].

To overcome the above mentioned drawbacks, the studies on either developing visible light
responsive photoanodes [11–14] or replacing Pt by p-type semiconductor as the photocathode [15,16]
become equally important, leading to the development of dual photoelectrodes for PFC system.
However, so far, these PFCs have been identified with its shortcomings that the photoactivity and
photostability of the electrodes are poor, which limits their application. For instance, the visible-light
driven PFC system using CdS/TiO2 or WO3/W as photoanode and Cu2O/Cu as photocathode
suffers from poor stability of the CdS, WO3 and Cu2O due to their photocorrosion nature in aqueous
media [17]. The limited usage of these electrodes could be attributed largely to the inherent drawbacks
of the material that result in poor response in visible-light region, weak stability and undesirable
photoactivity, which eventually limit the performance of the PFC system.

Forming a heterojunction by two different semconductors is an effective strategy to facilitate the
hole/electron seperation and enhance the photocatalytic activity [18,19]. For instance, polyaniline
(PANI), a conducting polymer, might be a good choice for TiO2 sensitization [20] due to high absorption
coefficients in the visible-light region, high mobility of charge carriers and good environmental
stability. PANI/TiO2 nanocomposite could be obtained by mixing commercial TiO2 nanopowder
with PANI by a chemical oxidative polymerization step [20,21]. On the other hand, oxides of
copper and cobalt, which are well known for their p-type semiconducting behavior, could be used
as photocathode [22–24] replacing the noble metals and also as photocatalysts for degradation of
pollutants [25]. These materials can withstand in the multiple processing steps and have a compatibility
nature with other material systems. All these notable characteristics behavior make them attractive and
interesting base materials for heterostructures. Chopra et al. [25,26] recently established a fact that CuO
nanowire−Co3O4 nanoparticle heterostructure has shown a unique photoactivity under visible-light
irradiation. The p–p junctions formed by the combination of CuO and Co3O4 could efficiently reduce
the probability of recombination of photogenerated electron/hole pairs, which in turn enhances the
photocatalytic activity.

In this work, a pair of materials, viz. PANI/TiO2 nanotubes (NTs) as photoanode and CuO/Co3O4

nanoparticles (NRs) as photocathode fabricated based on Ti substrate, was proposed as a novel PFC
system, which exhibits an effective degradation behavior toward Rhodamine B and shows an efficient
generation of electricity.

2. Results and Discussion

2.1. Characterization of PANI/TiO2 NTs Photoanode

The microstructure and elements distribution of TiO2 and PANI/TiO2 NTs were studied by
using Scanning Electron Microscope (SEM) and Energy Dispersive Spectrometer (EDX) (Figure 1),
respectively. The TiO2 nanotube arrays were covered by a layer of discretely adhered PANI. As seen
in the inset (Figure 1a), the cross-sectional view of TiO2 nanotube arrays substrate clearly displays
the vertically oriented nanotubes with a length of about 900 nm and a wall thickness of 10 nm.
Additionally, from the EDX analysis, the existence of elements, viz. C, N, Ti and O, was confirmed
and especially the minimum quantity of PANI with respect to the content of TiO2 substrate material
was confirmed by the relatively low intensities observed against the elements C and N. Figure 2
shows the X-ray diffraction patterns (XRD) recorded for both TiO2 and PANI/TiO2 NTs materials.
The peaks presented for PANI/TiO2 NTs reflect characteristics of anatase TiO2 and the predominant
peak of 2θ at 25.2◦ indicates a fine preferential growth of the Titania nanotube (TNTs) in 101 orientation
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(JCPDS no. 21-1272). The fact that no diffraction peak was observed for PANI might be due to its
amorphous phase in the composite. The position and shape of the peaks observed in XRD patterns
for PANI/TiO2 NTs were almost identical with that of TiO2, indicate that the incorporation of PANI
has no influence in the lattice structure of TiO2, which would be an added advantage for the hybrid
photocatalytic material.
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Figure 1. (a) SEM image of the TiO2 (the inset shows the cross-sectional image) and (b) polyaniline
(PANI)/TiO2 nanotubes (NTs), (c) EDX analysis of (b).
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Figure 2. XRD patterns recorded for TiO2, and PANI/TiO2 NTs.
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Figure 3 shows the Fourier Transform Infrared Spectroscopy (FTIR) spectra recorded for TiO2

and PANI/TiO2 NTs as well. The wide peak observed at 500–800 cm−1 for TiO2 could be ascribed
to the Ti–O bending mode of TiO2 sample. The strong characteristic absorption bands observed
for PANI/TiO2 NTs, between 1200 and 1600 cm−1, were 1566, 1487, 1299, 1245 and 1127 cm−1.
The bands at 1566 and 1487 cm−1 could be correlated to C–C stretching mode of quinonoid and
benzenoid units, repectively. The bands at 1299 and 1245 cm−1 represented the C–N stretching mode
of benzenoid unit while the band at 1127 cm−1 reflects the plane bending vibration of C=N. The bands
at 796 cm−1 represented the C–H stretching mode of benzenoid rings [27]. Furthermore, as seen in
Figure 4, the optical responses investigated by UV–vis Diffuse Reflectance Spectra (DRS) for TiO2 and
PANI/TiO2 NT samples exhibit a notable absorption extension in the visible-light region at 420 nm
upon the incorporation of PANI, which corresponds to a reduced bandgap absorption edge of 2.9 eV.
It could be inferred from the red shift of the absorption wavelength that the PANI/TiO2 NTs would be
an effective visible-light driven photocatalytic material.
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Figure 3. FTIR spectra of the TiO2 and PANI/TiO2 NTs.
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Figure 4. UV–vis diffuse reflection spectra of the TiO2 and PANI/TiO2 NTs.

In order to understand the separation and recombination of electron–hole pairs that take place
in the photocatalytic materials, the photocurrent and the electrochemical impedance spectra (EIS)
measurements were carried out under visible-light irradiation. The transient photocurrent responses
of TiO2 and PANI/TiO2 NTs electrodes were recorded via several on–off cycles of irradiation, and the
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representative traces observed are shown in Figure 5a. Obviously, the intensity of photocurrent
response was found to be higher for PANI/TiO2 NTs (50 µA cm−2) than that for TiO2 NTs.
The respective Nyquist plots of the TiO2 and PANI/TiO2 NTs photoelectrodes were shown in Figure 5b.
The semicircle at high frequencies was characteristic of the charge transfer process and its diameter
was equal to the charge transfer resistance. The PANI/TiO2 NTs sample showed a smaller semicircle
than that of TiO2 sample in the Nyquist plots. This clearly confirms that the rate of electron transfer
between the interface of PANI/TiO2 NTs and the electrolyte was improved as a result of the deposition
of PANI which causes the enhanced photoelectrochemical activity of the former compared with that of
the latter.

The effects analysis of radicals was carried out in the present study to establish the PEC
degradation mechanism as it is proved to be an effective approach in predicting the photodegradation
reaction pathways of organic molecules that take place on the surface of the photocatalyst. The nature
of interaction between the chosen scavenger and the photocatalyst makes a prominent impact on the
efficiency of organic pollutant degradation. The scavengers used in this study were sodium oxalate
(Na2C2O4) of 0.5 mmol L−1 [28,29], isopropanol of 1 mmol L−1 [30], Cr(VI) of 0.05 mmol L−1 [28],
and p-benzoquinone of 0.5 mmol L−1 [29,30] against h+, •OH, e− and O2

•−, respectively.
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Figure 5. (a) Photocurrent responses of TiO2 and PANI/TiO2 NTs in 0.1 mol L−1 Na2SO4 at a bias
potential of +0.6 V (vs. saturated calomel electrode (SCE)); (b) Nyquist plots of TiO2 and PANI/TiO2

NTs measured at open circuit potential under irradiation.

As shown in Figure 6, in the absence of a scavenger, the PEC degradation of Rhodamine B on
TiO2 sample at three hours was to an extent of 53%, and it was decreased to 29.4%, 35.8% and 32%,
with the addition of scavengers Na2C2O4, isopropanol and p-benzoquinone, respectively, as a separate
experiment. However, in the case of Cr(VI) addition, no prominent difference was observed in the
efficiency of PEC degradation (52.6%), which could be attributed to the following facts. The addition
of Cr(VI) accepts photoelectron and suppresses the reduction of oxygen that results in a decreased
production of O2

•−, which in turn restrains the degradation of Rhodamine B. On the other hand,
Cr(VI) inhibits the recombination of the photoinduced electron and the hole to a certain extent,
which could reversely promote the efficiency of PEC degradation. Hence, the addition of Cr(VI) has
no impact on the PEC degradation of Rhodamine B. It could be inferred that the major reactive species
formed on pure TiO2 were h+, O2

•− and •OH.
For the PANI/TiO2 NTs, under similar experimental conditions, the PEC degradation of

Rhodamine B decreased from 77%, an actual efficiency obtained without scavenger, to 27.7%, 45% and
28.4% with the addition of Na2C2O4, isopropanol and p-benzoquinone, respectively. Further, with the
addition of Cr(VI) scavenger, the PEC degradation of Rhodamine B decreased to an extent of 60.4%.
The results suggest that the major reactive species formed on PANI/TiO2 NTs photocatalyst were e−,
h+, •OH, and O2

•-with an order of influence as h+ > O2
•− > •OH > e−.
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Figure 6. Effects of different scavengers on the PEC degradation of Rhodamine B (0.05 mmol L−1

Cr(VI): e− scavenger, 1 mmol L−1 isopropanol: •OH scavenger, 0.5 mmol L−1 p-benzoquinone: O2
•−,

0.5 mmol L−1 sodium oxalate: h+ scavenger).

2.2. Characterization of CuO/Co3O4 NRs Photocathode

The SEM images recorded for as-prepared Co3O4 and CuO-coated Co3O4 (CuO/Co3O4) nanorods
on the Ti substrate, are shown in Figure 7a,b respectively. As seen, the diameter of the former was
observed to be about 150 nm. The CuO/Co3O4 nanorods were fabricated by conducting 30 cycles of
pulsed electrodeposition in the aqueous media containing both CuSO4 and lactic acid, followed by an
annealing step. As the deposition cycles increase, the CuO NPs started covering the surface of Co3O4

NRs (Figure 7c) gradually and upon 40 cycles, the entire surface was completely covered by CuO
NPs which makes it weaken in the adsorption of incident light. The XRD pattern (Figure 8b) revealed
the crystal structure and phase purity of both Co3O4 NRs and CuO/Co3O4 NR heterostructures.
For Co3O4 NRs, all peaks in the pattern could be indexed using the Co3O4 anatase phase (JPCDS
No: 42-1467), and the intense peak of 2θ at 19.0◦, 31.2◦ and 36.5◦ could be correlated to (111), (200) and
(311) plane diffractions, respectively. With the loading of CuO NPs, an additional peak of 2θ at 35.5◦

was observed in the (111) orientation [31]. This indicates that the deposit made on Co3O4 NRs was
only in the form of CuO and not as Cu or Cu2O. As seen in the UV–vis DRS recorded for CuO/Co3O4

NR sample (Figure 8b), a strong absorption was observed in the visible-light region with the band gap
energy of 2.33 eV by a linear extrapolation in the absorption edge of the spectrum.
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Figure 7. SEM images of the Co3O4 (a), CuO (30)/Co3O4 (b) and CuO (40)/Co3O4 (c).
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Figure 8. (a) XRD of the Co3O4 and CuO (30)/Co3O4, (b) UV–vis DRS of CuO (30)/Co3O4.

The influence of content of CuO NRs on the PEC performance of CuO/Co3O4 was studied.
The NRs were fabricated by pulsed electrodeposition of different cycles, viz. 10, 20, 30 and 40.
Figure 9a shows the comparative transient photocurrent response observed in applying the alternative
on–off visible-light illumination cycles at −0.25 V (vs. SCE). The CuO/Co3O4 NRs showed an instant
photoresponse under irradiation, and the photocurrent densities started increasing initially as the
coating cycle increases from 10 to 30, followed by a decrease with a further increase up to 40 cycles.
The maximum photocurrent density of about 170 µA cm−2 was observed for CuO/Co3O4 NRs at
a coating cycle of 30. Figure 9b shows a linear sweep study for CuO/Co3O4 NRs processed in the
potential range of −0.35 V to +0.01 V (vs. SCE) under chopped visible-light irradiation with a scan
rate of 0.5 mV s−1. With a cathodic potential scanning, the photocurrent was observed to be increased
gradually, which is in accordance with the property of a p-type semiconductor [31]. The CuO/Co3O4

NRs, prepared by 30 cycles of pulsed electrodeposition was chosen as the photocathode for the PFC
system of present study as it exhibits the best photoactivity.
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Figure 9. (a) PEC performance of the composite samples prepared at different pulse cycles at −0.25 V
(vs. SCE) under visible-light irradiation in 0.1 mol L−1 Na2SO4 aqueous solution and (b) Linear sweep
voltammetry (LSV) curves of CuO(30)/Co3O4 in 0.1 mol L−1 Na2SO4 solution in dark and under
visible-light irradiation.

2.3. Characterization of PFC System and Its Performances

Figure 10 shows the Mott–Schottky (MS) plots depicted as 1/C2 vs. potential at 100 Hz for
the respective PANI/TiO2 NTs and CuO/Co3O4 NRs samples. The slopes of the linear part of the
curves in the MS plot for the PANI/TiO2 NTs were positive, which is a characteristic behavior of
typical n-type semiconductor. The linear parts of the curves were x-extrapolated to zero, to obtain
the Vfb value [32,33] of ca. −0.25 V vs. SCE for the PANI/TiO2 NTs (Figure 10a), which represents its
conduction band edge (CB). Conversely, the p-type characteristic behavior of CuO/Co3O4 NRs was



Catalysts 2018, 8, 30 8 of 13

verified by a negative slope in the MS plot, as seen in Figure 10b. The valence band (VB) edge +0.58 V
vs. SCE was approximately equal to the flatband position.Catalysts 2018, 8, 30    8 of 13 
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Figure 10. Mott–Schottky plots measured at a frequency of 100 Hz of (a) PANI/TiO2 NTs,
(b) CuO/Co3O4 NRs in the dark.

The energy band positions of the photoanode and photocahotde are illustrated in Figure 11a.
As the Fermi level of CuO/Co3O4 NRs is more positive than that of PANI/TiO2 NTs, an interior bias
could be formed by connecting the two photoelectrodes directly, which would obviously drive the
electrons generated from PANI/TiO2 NTs through the external circuit and combine with the holes
generated in CuO/Co3O4 NRs. Meanwhile, the holes and the electrons remained in the respective
photoelectrode can be very well utilized for degradation of organic pollutant. It is actually the key factor
that makes the PEC technique successful by combining n-type photoanode and p-type photocathode.

The open circuit potential (Eocp) was established from the difference in the Fermi level of the
two photoelectrodes [32,33]. To examine the photoelectric properties of the PFC, the photovoltage
curves of the PFC system of PANI/TiO2-CuO/Co3O4 was measured in the dark and under irradiation.
Eocp of the PANI/TiO2 NTs photoanode and the CuO/Co3O4 NRs photocathode were measured
to be −0.13 V and 0.12 V, respectively, under visible-light irradiation (3 mW cm−2). It implies
that the photovoltage between the photocathode and the photoanode would be +0.25 V which is
consistent with the measured value (+0.24 V) of the PFC system, as shown in Figure 11b. As a result,
the separation of the electron/hole pair in the photoelectrodes could be facilitated in parallel under
visible-light irradiation.
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Figure 11. (a) Energy level diagram of the PFC cell for organic compounds degradation and electricity
generation, (b) The open-circuit voltage of PFC cell of PANI/TiO2-CuO/Co3O4 in dark and under
visible-light irradiation.
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2.4. Degradation of Rhodamine B

The performance of the PFC system was evaluated by a degradation study on Rhodamine
B contaminated aqueous solution under visible-light irradiation. The degradation efficiency was
monitored in terms of decolorization of Rhodamine B. The photocatalytic activity of various systems
using different types of photocatalysts was compared under incandescent light irradiation as shown
in Figure 12a. As seen, the photocatalytic activity of the system in which the photoelectrodes are
not externally interconnected, was found to be inferior to the others and showing a decolorization of
Rhodamine B of only 25.4%. For the PFC system of different photoelectrode couples TiO2-CuO/Co3O4,

and PANI/TiO2-CuO/Co3O4 the decolorization was 51% and 68%, respectively at same reaction period.
Figure 12b demonstrates that the short-circuit current density curve obtained for the present PFC
system (PANI/TiO2-CuO/Co3O4) during the process of Rhodamine B decolorization, was relatively
steady with a current density of 85 µA cm−2 throughout the process. The consistent photocurrent
density observed for the PFC confirmed its photostability and durability for long-time application.
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Figure 12. (a) Comparison of the degradation rates of Rhodamine B in the photocatalytic decomposition
processes using unconnected PANI/TiO2 and CuO/Co3O4 photoelectrodes, the PFC systems of
TiO2CuO/Co3O4 and PANI/TiO2-CuO/Co3O4, (b) the generated electricity of the PFC.

3. Materials and Methods

3.1. Chemical and Material

Titanium foil with a thickness of 1 mm and a purity of 99.9% was purchased from Strem Chemicals
(Newburyport, MA, USA). The chemicals such as ethylene glycol (EG), ammonia fluoride (NH4F),
sodium sulfate (Na2SO4), phenylamine (C6H5NH2), cobalt nitrate hexahydrate (Co(NO3)2·6H2O),
hexamethylenetetramine (C6H12N4, HMT), sodium persulfate (Na2S2O3) and HCl were purchased
from Acros Organics (Pittsburgh, PA, USA) and used as received. The aqueous solution used was
prepared by using a millipore deionized (DI) water with a resistivity of 18.2 MΩ cm.

3.2. Preparation of PANI/TiO2-NTs

The self-organized TiO2 nanotube arrays (TiO2-NTs) were fabricated on Ti foil substrate by
anodization method using ethylene glycol (EG) as electrolyte media which contains 0.5 wt % NH4F
and 10 vol % water. The fabrication process was described in detail in our previous studies [34].
The anodization of Ti foil was performed with a two-electrode electrochemical system employing Pt
mesh as cathode at a constant operating potential of 20 V for a period of 2 h. The inter electrode gap
was fixed as 3 cm for every electrolysis run. In the post treatment, the anodized sample was washed
with millipore deionized water, dried at 70 ◦C and calcined at 450 ◦C for 2 h.

The PANI/TiO2 NTs composite was synthesized by a sequential chemical bath deposition (SCBD)
method. Typically, the TiO2 NTs was successively immersed into four different glass beakers for about
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30 min in each beaker. The first beaker contained aqueous solution of 0.27 mol L−1 of phenylamine,
and the third one contained an aqueous mixture of 0.23 mol L−1 of sodium persulfate and 0.15 mol L−1

of HCl, and the other two contained distilled water to rinse the samples to scavenge the excess of each
precursor solution. Such an immersion treatment cycle was repeated thrice.

3.3. Preparation of CuO/Co3O4

The synthesis of Co3O4 electrode was accomplished by a simple hydrothermal process [35].
7.2 g of Co(NO3)2·6H2O, 0.13 g of NH4F, and 0.3 g of HMT were dissolved in the order in a
50-mL acetone−deionized water (v/v = 50:50) mixture solution under continuous stirring using
magnetic stirrer. Upon a formation of pink suspension, the stirring was continued for another 10 min.
Then the suspension, together with a Ti film, was transformed to a teflon-lined stainless-steel autoclave
vessel and kept for 24 h at 95 ◦C. The pink-depositions-covered-Ti film was obtained by these steps,
and carefully rinsed with deionized water and dried at 70 ◦C, followed by a calcination process
at 350 ◦C for 1 h in air environment. The transformation of pink depositions into black one upon
calcinations confirmed the formation of Co3O4.

CuO was prepared by a pulsed galvanostat method under high current conditions [36].
The electrodeposition was carried out in a conventional three-electrode electrochemical workstation
(CS310, CorrTest, Wuhan, China) with a conditioned electrolyte solution of 0.4 mol L−1 CuSO4 and
3 mol L−1 lactic acid fixing the pH at 7 by NaOH and the temperature at 25 ◦C. The concentrated lactic
acid acts as a complex agent for the stabilization of copper ions [37]. Upon subjecting to a negative
current pulse for 0.5 s followed by a constant current density of 50 mA for 7 s, the surface of the
Co3O4 was covered with Cu nanoparticles (NPs). The as-prepared electrode was carefully rinsed with
millipore deionized water and dried at 70 ◦C, followed by a calcination process at 350 ◦C for 1 h. Then
the samples were rinsed with ethanol, followed by a heat treatment at 450 ◦C for 1 h in air environment.
In order to optimize the deposition of CuO NPs on the Co3O4, the samples were fabricated at different
pulse cycles, viz. 10, 20, 30 and 40.

3.4. Characterization

The morphology and microstructure of the synthesized samples were characterized by field
emission scanning electron microscopy (FE-SEM; NANOSEM 450, FEI, Eindhoven, The Netherlands).
The phase and elemental composition of the samples were investigated using X-ray Diffraction
Technique (XRD; PW3040/60 PANalytical, Almelo, The Netherlands) with Cu K α radiation
(λ = 1.54056 Å). UV–visible spectrum scanning was carried out in the range of 200–800 nm using a
UV-2550 model UV–visible spectrophotometer (Shimadzu Corporation, Kanagawa, Japan) at room
temperature. The infrared absorption spectra were measured on a Bruker V-70 Fourier transform
infrared (FTIR, Bruker, Karlsruhe, Germany) spectrophotometer in the frequency range of 400 to
4000 cm−1.

The photoresponsive test was carried out for the sample (either PANI/TiO2 NTs or CuO/Co3O4

NRs) used as working electrode in a three-electrode electrochemical work station (CS310, CorrTest,
Wuhan, China), wherein saturated calomel electrode (SCE) and Pt foil was used as reference and
auxiliary electrodes, respectively. The electrochemical impedance spectroscopic (EIS) studies were
performed between 100 kHz and 0.01 Hz with a 5 mV rms sinusoidal modulation at the open circuit
potential of the system under illumination. The linear sweep was evaluated under chopped light
irradiation with a scan rate of 0.5 mV s−1. Mott–Schottky plots were measured at a frequency of
100 Hz. The electrochemical studies described above were carried out in a 0.1 mol L−1 Na2SO4

aqueous solution at room temperature. The light source used was a 11 W incandescent lamp (PHILPS,
Amsterdam, The Netherlands) that produced irradiation with an intensity of 3 mW cm−2 to the test
sample which was measured by a visible-light radiometer (FZ-A, Wuhan, China).

The photoelectrochemical characteristics of the PFC were examined by connecting PANI/TiO2

NTs electrode and CuO/Co3O4 NRs electrode directly. The short circuit current plot, and the open



Catalysts 2018, 8, 30 11 of 13

circuit potentials plot as well as the characteristic nature of photocurrent potentials were tested
by digit precision multimeter (Tektronix DMM4050, Johnston, OH, USA) and the electrochemical
workstation, respectively.

3.5. Photoelectrocatalytic Degradation of Phenol under Visible-Light Irradiation

Photoelectrocatalytic oxidation experiments were carried out in a glass container having
volume capacity of 150 mL with a standard three-electrode configuration using synthesized
PANI/TiO2-NTs as photoanode, a Pt foil and a SCE as counter and reference electrodes, respectively.
The photoelectrochemical degradation experiments were performed with a working volume of 45 mL
aqueous solution containing a model contaminant Rhodamine B (1 × 10−5 mol L−1) along with
0.1 mol L−1 Na2SO4 as supporting electrolyte. The glass container was placed in a water bath wherein
the temperature was constantly maintained as 298 K, and the entire set-up was placed on a magnetic
stirrer operated at a constant stirring rate of 650 rpm during the process. Prior to the light irradiation,
the experimental solution was stirred in the dark for ca. 30 min to establish the adsorption/desorption
equilibrium between the organic contaminant and the surface of the PANI/TiO2-NTs under ambient air
equilibrium. The degradation rate of Rhodamine B was followed by using a UV–vis spectrophotometer
(UV2102 PCS, UNICO, Shanghai, China) in which the wavelength was fixed at 554 nm.

The PFC degradation of Rhodamine B (1 × 10−5 mol L−1) was performed by exposing the light
on both the PANI/TiO2-NTs photoanode and CuO/Co3O4 photocathode with the illumination area of
2 × 2 cm2 under similar conditions to those followed in the photoelectrocatalytic experiment. The PFC
current was measured by using a digit precision multimeter.

4. Conclusions

A highly efficient and visible-light responsive photocatalytic fuel cell (PFC) system involving
a dual heterojuntion PANI/TiO2 photoanode and CuO/Co3O4 photocathode was constructed.
The results obtained showed that a photocurrent of 50 µA cm−2 was achieved using the PANI/TiO2

photoanode at a bias potential of +0.6 V (vs. SCE) in 0.1 mol L−1 Na2SO4 electrolyte under visible-light
irradiation of 3 mW cm−2, which was 150% higher than that of TiO2. Additionally, the optimized
CuO/Co3O4 photocathode exhibited a photocurrent of 170 µA cm−2 at −0.25 V (vs. SCE). The PFC
was constructed with the aim of providing an internal bias potential to the photoelectrocatalytic
system and the performance and working mechanism of the same were systematically investigated.
Under visible-light irradiation, the interior bias (+0.24 V) developed, drives the electrons of the
PANI/TiO2-NT’s photoanode across the external circuit to combine with the holes of the CuO/Co3O4

photocathode, which actually leads to electron/hole pair separation at respective photoelectrodes.
The results obtained in the study suggest that the PFC system involving dual heterojuntion PANI/TiO2

photoanode and CuO/Co3O4 photocathode is very effective for wastewater treatment along with
simultaneous electricity generation.
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