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Abstract: The oxygen reduction reaction (ORR) is a key step
in H~O, fuel cells, which, however, suffers from slow kinetics
even for state-of-the-art catalysts. In this work, by making use
of photocatalysis, the ORR was significantly accelerated with
a polymer semiconductor (polyterthiophene). The onset
potential underwent a positive shift from 0.66 to 1.34'V, and
the current was enhanced by a factor of 44 at 0.6 V. The
improvement was further confirmed in a proof-of-concept
light-driven H,~O, fuel cell, in which the open circuit voltage
(V,.) increased from 0.64 to 1.18 V, and the short circuit current
(J) was doubled. This novel tandem structure combining
a polymer solar cell and a fuel cell enables the simultaneous
utilization of photo- and electrochemical energy, showing
promising potential for applications in energy conversion and
storage.

The proton exchange membrane fuel cell (PEMFC) is
a clean and efficient energy-conversion device with the
potential to replace conventional fossil fuel combustion
technologies. The oxygen reduction reaction (ORR) on the
cathode is rather slow and thereby limits the performance of
PEMFCs. Platinum is acknowledged to be the best catalyst for
the ORR; however, its scarcity and high cost remain one of
the greatest obstacles to the large-scale commercialization of
PEMFCs.[" To address this issue, enormous efforts have been
devoted to developing novel catalytic materials, such as
platinum alloys,” core-shell platinum catalysts,®! and plati-
num-free heteroatom-doped carbon catalysts.!
Alternatively, other energy sources can be used to
promote the ORR. For example, photoexcitation can tune
the electron density distribution in a photocatalyst, which can
improve the catalytic activity. In photocatalytic degradation,
the oxidation of pollutants with O, is significantly accelerated
as photogenerated electrons reduce molecular oxygen to
strongly oxidizing species, such as H,O, and O,.P! As such, it
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seemed feasible that photogenerated electrons may promote
the complete reduction of oxygen to water. Winther-Jensen
and co-workers!®! have reported that the activity of electro-
catalytic ORR could be enhanced by illumination of two
conjugated organic catalysts (PEDOT and polythiophene).
Dong™ and co-workers showed that light irradiation
enhanced the performance of biofuel cells when using
a photoresponsive cathode.

Herein, we describe that the ORR activity is greatly
enhanced upon illumination of a polyterthiophene (pTTh)
electrode. The onset potential was positively shifted from 0.66
to 1.34 'V, and the current was enhanced by a factor of 44 at
0.6 V. A proof-of-concept light-driven H,~O, fuel cell was
then assembled; upon illumination, the V. increased from
0.64 to 1.18 V, and the J value was doubled as well. These
results show that photoassisted H,—O, fuel cells can be
considered as tandem structures combining a polymer solar
cell and a conventional fuel cell.

Figure 1a shows that the onset potential of the ORR on
pTTh is approximately 0.66 V (vs. RHE) in the dark. Upon
light illumination, the onset potential is shifted to 1.34V,
which is much higher than that of a typical Pt/C catalyst
(1.10 V) and the thermodynamic potential (E°=1.23 V) of
the ORR. The cathode current is —1.2mAcm™ at 0.6V,
which is 44 times higher than in the dark. Under these
conditions, a negligible cathodic current was detected (see the
Supporting Information, Figure S1) in argon-saturated solu-
tion. The above results strongly suggest that the kinetics of the
ORR are considerably enhanced by the photocatalysis. To
investigate the ORR mechanism on pTTh, we monitored the
yield of peroxide species (HO, ) by rotating ring disc
electrode (RRDE) measurements (Figure S2). Based on
Equations S1 and S2, the H,O, yield and electron transfer
number were quantified with respect to the potential (Fig-
ure 1b). The H,0, yield was about 100 %, and the electron
transfer number was about two over the entire potential
range, indicating that the ORR on pTTh proceeds along
a two-electron transfer pathway under illumination. The
photoenhanced ORR activity was also confirmed in different
electrolytes (see Figure S3).

Figure 2a shows a scanning electron microscopy (SEM)
image of the pTTh film, which was synthesized by electro-
polymerization (see Figure S4 for the polymerization curves).
The HR-SEM image in Figure2b and the transmission
electron microscopy (TEM) images in Figure 2¢ and d show
the sheet-like morphology of pTTh. The thickness of the
pTTh film was estimated to be approximately 3.0 um accord-
ing to a side-view SEM image (Figure S5). The UV/Vis
absorption spectrum in Figure 2e shows that the pTTh film
has a wide absorption range with the band edge at about
620 nm, which corresponds to the band gap of 2.0 eV. Cyclic
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Figure 1. a) LSV curves of pTTh in O,-saturated 0.10m KOH electrolyte
at a scan rate of 10 mVs™' and a rotation rate of 1600 rpm in the dark
or under illumination; JM-20% Pt/C for comparison. b) The calculated
production yields of H,0, and the number of electrons transferred in
the ORR according to a RRDE test at 1600 rpm under illumination. A
xenon lamp was used as the light source, and the light intensity at the

surface of the electrode was 300 mWcm 2,
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Figure 2. a) SEM image, b) HR-SEM image, c,d) TEM images, and

e) UV/Vis absorption spectrum of a pTTh film. f) Cyclic voltammo-
grams of pTTh/GCE in acetonitrile containing 0.10m tetrabutylammo-
nium hexafluorophosphate at a scan rate of 20 mVs™'; the ferroce-
nium/ferrocene (Fc/Fc*) redox potential was measured to calibrate the
pseudo reference electrode (0.052 V vs. Ag in the present study).

g) Enlarged image of the voltammogram in (f). h) Energy diagram
showing the calculated HOMO and LUMO levels of pTTh in absolute
vacuum energies and as potentials relative to the NHE.
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voltammetry (CV) was performed to determine the energy
levels of HOMO and LUMO, which correspond to the onset
potentials of oxidation and reduction, respectively (Figure 2 f,
g). The energy levels of HOMO and LUMO were calculated
to be —5.02eV and —-297e¢V, respectively (Figure2h)
according to Equations S3 and S4, yielding an energy gap of
2.05eV. The energy levels corresponding to the electro-
chemical potentials of the conduction band (CB) and valence
band (VB, vs. NHE) are —0.52 V and 1.53 V, respectively.

A proof-of-concept light-driven H,~O, fuel cell (Fig-
ure S6) was assembled with the pTTh/GCE cathode and a
Pt/C anode to further confirm the photoenhancement effect.
Figure 3a shows that the V, value is 0.64 V in the dark and
increased to 1.18 V upon illumination; for comparison, V. is
0.97 V for all Pt electrode based H,~O, fuel cells (Figure S7).
The J,, and the maximum power density (P,,) of the
illuminated H,-O, fuel cell were 2.3 and 5.3 times larger
than those in the dark. They were also higher than those of all
Pt electrode based H,~O, fuel cells at potentials above 0.9 V
(Figure 3b).
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Figure 3. a) Performance of the proof-of-concept light-driven H,~O,
fuel cell featuring the pTTh photocathode. b) Comparing the perfor-
mance of the pTTh-based fuel cell with H,~O, fuel cells with Pt/C

cathodes. A xenon lamp was used as the light source, and the light

intensity at the surface of pTTh was 300 mWcm 2

In the dark, the fuel cell generates the electrochemical
potential of the H,~O, reaction. Under illumination, the
polymer semiconductor absorbs light and generates electrons
and holes, just as in the case of polymer solar cells. The
difference between the light-driven H,—O, fuel cell and
a conventional polymer solar cell lies in the electron acceptor,
which is O, in the former and fullerene in the latter. Even so,
the increase in potential conferred by the illumination
amounts to 0.68 and 0.54 V for the half-cell and fuel cell,
respectively. This increase is similar to the photovoltage of
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polymer solar cells, which typically lies in the range of 0.6— o8 p——
0.8 VB The V. of the light-driven fuel cell roughly equals the 05 (b) 2 580 nm

sum of the electrochemical potential of the H,—O, reaction
and the photovoltage of the polymer solar cell. We therefore
concluded that the light-driven fuel cell is a tandem device
consisting of a fuel cell and a polymer solar cell, and a working
diagram is presented in Figure 4 a. The electrons generated by
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Figure 4. a) The working principle of the tandem cell. b) Schematic
energy diagram for oxygen reduction on pTTh.

hydrogen oxidation on the anode side flow to the cathode
side, yielding an electrochemical potential from the chemical
reaction. At the cathode side, the semiconductor pTTh is
excited and generates photovoltage upon illumination. As
a result, photogenerated electrons are transferred to O, to
promote its reduction, and the overall voltage results from
both processes. The mechanism of the ORR on pTTh was
proposed from the view of energy (see Figure 4b). In the
dark, the Fermi level of pTTh is elevated as the applied bias is
increased, and when the bias exceeds the electrochemical
potential of the ORR, the electrons can be transferred from
pTTh into the unoccupied nz orbitals of oxygen. Under
illumination, electrons in the VB of pTTh are excited to the
CB, and the resulting holes are transported to the anode via
the external circuit. The excited electrons in*the CB have
sufficient potential to be transferred into the 7, antibonding
orbital of molecular oxygen, but may not be of sufficient
energy for transfer into the o* orbital. As a result, the ORR
proceeds according to a two-electron transfer mechanism.
To further confirm the photoassistance effect, two mono-
chromatic light sources were used to investigate the effect of
the light wavelength and intensity on the ORR. Figure Sa
shows that at the same light intensity, the performance is
higher at an irradiation wavelength of 385 nm than at 580 nm.
The onset potential is 120 mV more positive under 385 nm
monochromatic light irradiation than under 580 nm irradi-
ation, and the photocurrent is 2.9, 1.6, and 1.1 times higher
than under 580 nm irradiation (1.23, 0.9, and 0.6 V, respec-
tively; see Figure 5b). These results indicate that for the same
number of photons, higher photon energies lead to a more
positive onset potential. The performance of the ORR at
different light intensities is analyzed in Figure 5c,d. The onset
potential of the ORR remained constant at a given wave-
length. The more positive onset potential under 385 nm than
under 580 nm irradiation is consistent with the above result.
The photocurrent increased with the light intensity for both
580 and 385 nm monochromatic light irradiation, revealing
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Figure 5. ORR polarization plots of pTTh/GCE under 580 nm and
385 nm monochromatic light irradiation with the same light intensity
(a) and different light intensities (c). b,d) Current histograms of (a)
and (c) at fixed potentials. LED-50%, -75%, and -100% are the light
intensities of the monochromatic light; the light intensities at the
surface of the electrode (the distance between light source and
electrode is 5 cm) are as follows: 580 nm LED-50%: 9.7 mWcm?;
580 nm LED-75%: 14.3 mWcm™%; 580 nm LED-100%: 18.2 mWcm™%;
385 nm LED-50%: 102 mWcm™?; 385 nm LED-75%: 164 mWcm™7;
385 nm LED-100%: 224 mWcm 2. The tests were conducted in O,-
saturated 0.10m KOH electrolyte at a scan rate of 10 mVs ™" and

a rotation rate of 1600 rpm.

that the ORR current is roughly proportional to the number
of photogenerated electrons.

The stability of the ORR on pTTh cathode was inves-
tigated by a chronoamperometry test at 0.8 V under light
illumination. The photocurrent remained unchangedina 10 h
test (Figure S8), indicating that the photocathode is quite
stable in the presence of oxygen and illumination.

Finally, some other semiconductor polymers (P3HT,
PCDTBT, PTB7, and PDPP3T), which are common donor
materials in polymer solar cells, were also investigated for the
photoassisted ORR. Their light absorption spectra are shown
in Figure S9. Under illumination, the onset potentials of the
ORRs on these polymers were significantly shifted in the
positive direction, and the currents increased (Figure S10 and
Table S1). These polymers were then used as the photo-
cathodes in H,-O, fuel cells, and a similar trend was seen as
for pTTh: The V. increased by 0.33—-0.77 V under illumina-
tion (Figure S11 and Table S2). These findings corroborate
the general applicability of the tandem structure combining
a fuel cell and a polymer solar cell.

In summary, we have shown that the ORR is significantly
enhanced on polymer semiconductor photoelectrodes upon
light irradiation, by combining electrocatalysis with photo-
catalysis. The onset potential of the ORR was shifted from
0.66 to 1.34V upon illumination, and the current density
increased by a factor of 44. This photoelectrode was then
employed in a proof-of-concept light-driven H,—O, fuel cell
device; upon illumination, the cell V,, increased from 0.64 to
1.18 V, and the J, value doubled. This novel design enables
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