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Photo-excited oxygen reduction and oxygen evolution reactions 

enabling a high-performance Zn-air battery 

Dongfeng Du, Shuo Zhao, Zhuo Zhu, Fujun Li,* Jun Chen 

Abstract: Harvesting solar energy in battery systems is pivotal for a 

sustainable society and faced with challenges. Herein, a photo-

involved Zn-air battery is constructed with two cathodes of poly(1,4-

di(2-thienyl))benzene (PDTB) and TiO2 grown on carbon papers to 

sandwich a Zn anode. The PDTB cathode is illuminated in a 

discharging process, where photoelectrons are excited into the 

conduction band of PDTB to promote oxygen reduction reaction 

(ORR) and raise the output voltage. In a reverse process, holes in 

the valence band of the illuminated TiO2 cathode are driven for 

oxygen evolution reaction (OER) by an applied voltage. A record-

high discharge voltage of 1.90 V and an unprecedented low charge 

voltage of 0.59 V are achieved in the photo-involved Zn-air battery, 

regardless of the equilibrium voltage. This work offers an innovative 

pathway for photo-energy utilization in rechargeable batteries. 

Rechargeable Zn-air batteries are promising for their low cost, 

high safety, and large theoretical energy density of 1086 Wh kg
-1

.
 

[1]
 They operate with an equilibrium voltage of 1.64 V based on 

the battery reaction of 2Zn + O2 ↔ 2ZnO,
[1b,2]

 while the practical 

discharge voltage is lower than 1.2 V and the high charge 

voltage is ˃ 2.0 V, which lead to low energy efficiency of < 60%. 

This is closely related to the slow kinetics of oxygen reduction 

reaction (ORR) and oxygen evolution reaction (OER) of air 

cathodes, passivation and dendrite growth of Zn anodes, and 

hydrogen evolution.
[3]

 Substantial efforts have been devoted to 

active electrocatalysts, electrode protection, and electrolyte 

formulation, however large discharge/charge voltage gaps 

above 0.8 V remain.
[3b,4]

 It seems that intrinsic changes in the 

electrode reactions of Zn-air batteries are crucial for reduction of 

overpotentials in both discharge and charge. 

Photo-energy has been utilized in various electrochemical 

devices for improved reaction kinetics and lowered 

overpotentials,
[5]

 like hydrogen and oxygen evolution and 

pollutant degradation, etc. It usually involves a semiconductor
[6]

 

that, upon illumination, generates excited electrons and holes of 

certain energy levels for electrocatalytic hydrogen evolution 

reaction and OER, respectively. Recently, light was used to 

excite electrons in semiconducting polyterthiophene
[7]

 and 

carbon nitride
[8]

 to boost the reduction potentials of ORR. This is 

a promising option to achieve high output voltages in oxygen 

reduction based electrochemical devices.
[9]

 At the same time, 

BiVO4 and α-Fe2O3
[10]

 were attempted under illumination to 

improve OER and reduce the charge voltage of Zn-air batteries 

by 0.5-0.8 V. However, the photo-involved reaction is limited by 

the interfacial resistance of semiconductor and electrolyte, and 

the comparability of charge carrier life in semiconductors and the 

electrochemical reaction kinetics. Up to now, it functions only in 

ORR or OER of Zn-air batteries. Full utilization of light in both 

the discharging and charging processes of Zn-air batteries for 

additional photo-energy conversion is challenging. 

Herein, a Zn-air battery with poly(1,4-di(2-thienyl))benzene 

(PDTB) and titanium dioxide (TiO2) as cathodes in the respective 

discharging and charging process, which can capture light 

separately for ORR and OER, is demonstrated. They are in situ 

formed on carbon fibers of carbon papers to promote the 

cathode reactions under illumination. These enable a record-

high discharge voltage of 1.90 V and an unprecedented low 

charge voltage of 0.59 V in the Zn-air battery, which are realized 

by the photo-excited ORR and OER in the discharging and 

charging process, respectively. This would be a promising 

strategy for high energy efficiency of Zn-air batteries and beyond. 

 

Figure 1. (a) Prototype of pouch cell and (b) Cross section of photo-involved 

Zn-air battery. 

The photo-involved Zn-air battery is assembled in a pouch 

cell with a Zn mesh anode, two sandwiching cathodes of PDTB 

and TiO2, and electrolyte of 6.0 M KOH, as shown in Figure 1a. 

Two glass-fiber separators are used as interlayers to avoid short 

circuit, and uniform holes are drilled on each side of the 

transparent pouch cell, which allow air breath and light capture 

during battery operation. In a discharging process, the PDTB 

cathode is excited for ORR to couple with the Zn anode, 

breathing in O2 from air; in a reverse process, the TiO2 cathode 

is switched to light for OER, releasing O2 into air, as depicted in 

Figure 1b. The two cathodes guarantee full utilization of light for 

the respective ORR and OER. 

The monomer of (1,4-di(2-thienyl))benzene (DTB) was 

synthesized via Suzuki-Miyaura coupling
[11]

 and confirmed by 

Raman spectroscopy in Figure 2a and nuclear magnetic 

resonance (NMR) in Figure S1. It was then dropped onto carbon 

papers for the PDTB cathode via iodine-vapor-assisted 

polymerization. The two characteristic peaks at 1455 and 1190 

cm
-1

 are assigned to the respective ring stretching of Cα=Cβ and 

Cα(Cα’)-C(phenyl) in Figure 2a and b, suggesting polymerization 

of DTB. It was further confirmed by Fourier-transform infrared 

(FTIR) in Figure S2. The PDTB is mainly consisted of DTB 

dimers bonded via the Cα positions with molecular weight of 

482.2 from the matrix-assisted laser desorption/ionization time-

of-flight (MALDI-TOF) mass spectroscopy in Figure 2b. The 

carbon fibers are evenly covered by PDTB with thickness of 

50~100 nm in the scanning electron microscopy (SEM) images 
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of Figure 2c and Figure S3. High-resolution transmission 

electron microscopy (TEM) images in Figure S4 and X-ray 

diffraction (XRD) patterns in Figure S5 indicate that the PDTB is 

crystalline, which is ascribed to the intramolecular π-π stacking. 

The TiO2 was synthesized by seed-assisted hydrothermal 

method,
[12]

 followed by sintering at 550 °C in Ar. It features as 

vertically aligned TiO2 nanorod arrays with diameters of ~100 nm 

on carbon fibers in Figure 2d and Figure S6. It is rutile phase as 

revealed by XRD and Raman spectrum in Figure S7 and Figure 

S8. Well-developed lattice fringes in Figure 2e and Figure S9 

suggest high crystallinity, where yellow circles indicate oxygen 

vacancies. The typical facet (110) of TiO2 and its corresponding 

d-spacings of 0.33 nm are revealed by the selected-area 

electron diffraction (SAED) pattern. Furthermore, a strong signal 

with g-value of 2.003 of electron paramagnetic resonance (EPR) 

of TiO2 in Figure 2f confirms oxygen vacancies, consistent with 

the TEM image in Figure 2e and XPS spectra in Figure S10. 

 

Figure 2. (a) Raman spectra, (b) MALDI-TOF mass spectroscopy (n refers to 

DTB unit number), and (c) SEM images of PDTB; (d) SEM images, (e) STEM, 

SAED pattern, and distribution of d-spacings of TiO2, and (f) EPR of carbon 

papers with and without TiO2. 

Figure 3a presents the ultraviolet-visible (UV-vis) 

absorption spectroscopy of PDTB and TiO2, in which their 

absorption edges are revealed to be 578 and 429 nm, 

respectively. This corresponds to the band gaps (Eg) of 2.14 and 

2.89 eV in Figure S11. Ultraviolet photoelectron spectroscopy 

(UPS) in Figure 3b shows that the secondary edges of PDTB 

and TiO2 are 16.1 and 16.3 eV, respectively, from which their 

work functions are derived to 5.10 and 4.90 eV by subtracted by 

the excitation energy of 21.2 eV. Then, the conduction band 

minimum edges of PDTB and TiO2 are calculated to be 0.84 and 

0.17 V against normal hydrogen electrode (NHE, corresponding 

to ~4.44 eV of the vacuum energy),
[13]

 respectively. Because the 

band edge varies with pH in aqueous solutions following a 

Nernstian relation of potential shift of ~60 mV/pH,
[10,14]

 the 

estimated conduction bands (CB) of PDTB and TiO2 are -0.02 

and -0.69 V in 6.0 M KOH electrolyte (pH ≈ 14.4), and their 

corresponding valence bands (VB) are 2.12 and 2.20 V, 

respectively. The overall energy diagram is shown in Figure S12, 

in which the redox couple of O2/OH
-
 is located between the CB 

and VB of both PDTB and TiO2. 

Time-resolved photoluminescence (PL) spectroscopy in 

Figure 3c shows that the fluorescence lifetime (τ) of PDTB and 

TiO2 are 5.98 and 7.38 ns, respectively, upon excitation of 474 

and 460 nm. The recombination of photo-generated electron-

hole pairs is limited, as shown in Figure S13. It indicates that the 

lifetime of charge carriers on the PDTB cathode is in the same 

time scale to the ubiquitous TiO2 cathode.
[15]

 A standard three-

electrode setup with the PDTB or TiO2 working electrode, 

graphite rod counter electrode, Hg/HgO reference electrode and 

electrolyte of O2-concentrated 6.0 M KOH is employed to study 

the photo-response when exposed to 365 nm illumination (~90 

mW cm
-2

) without applied bias voltages. It is notable that, 

without illumination, no current is detected on either PDTB or 

TiO2 and Pt/C + RuO2 electrode in Figure 3d and Figure S14; 

while upon illumination, the ORR and OER currents on PDTB 

and TiO2 are 5.2 and 13.5 mA cm
-2

, respectively. These indicate 

that the photo-excited electrons or holes on PDTB or TiO2 have 

long lifetimes to be efficiently transferred to the redox couple of 

O2/H2O for electrocatalytic ORR and OER. It agrees with the 

smaller interfacial charge transfer resistance under illumination 

than in dark, as revealed in the electrochemical impedance 

spectroscopy (EIS) in Figure S15. These imply that the charge 

carriers can be effectively separated under illumination and 

transferred for the respective ORR and OER on the PDTB and 

TiO2 electrode. 

 

Figure 3. (a) UV-vis absorption spectra from 200 to 800 nm, (b) UPS 

measurements for VB and estimation of CB, (c) Time-resolved PL decay 

profiles at excitation wavelengths of 474 and 460 nm for PDTB and TiO2, 

respectively, and (d) Photocurrents under intermittent illumination of 365 nm 

without applied bias voltages on PDTB and TiO2 cathodes. 

To gain insights into the ORR and OER on the respective 

PDTB and TiO2, a three-electrode system with the electrolyte of 

O2-saturated 6.0 M KOH is employed. The linear sweep 

voltammetry (LSV) curve of PDTB for ORR in Figure 4a shows 

that its onset potential upon illumination reaches up to 1.44 V 

versus reversible hydrogen electrode (RHE). It is higher by 460 

mV than the state-of-the-art Pt/C + RuO2 and even 200 mV in 

comparison with the equilibrium of O2/H2O, 1.23 V. For the OER 

on TiO2, the illuminated onset potential is significantly reduced to 

0.24 V, compared to 1.36 V on the Pt/C + RuO2 in Figure 4b. 

Both of the operation potentials for ORR and OER on the 

respective PDTB and TiO2 in Figure S16 are stable during the 3-

hours test, regardless of irradiation. The demonstrated ORR and 

OER potentials off the equilibrium of O2/H2O on PDTB and TiO2 

are attributed to the light illumination, which are consistent with 

the photo-responses in Figure 3d. 

The short-lived oxygen-containing intermediates in the ORR 

and OER processes under illumination are trapped by dimethyl 

pyridine N-oxide (DMPO) and then detected by EPR spin-trap 

technique. Figure 4c shows sextet EPR peaks in the electrolyte 

contacting with PDTB in the ORR process under illumination, 
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which is in contrast with no signals in dark. The characteristic 

peaks of the EPR with PDTB are assigned to the DMPO-O2
•-
 

adduct, which is derived from reduction of O2 by photoelectrons. 

In the OER process on the TiO2 electrode under illumination, the 

DMPO-OH
•
 adduct

[16]
 is identified by the characteristic EPR 

peaks in Figure 4d, of which the OH
•
 species is formed from OH

-
 

by accepting highly oxidative photo-generated holes. The EPR 

signals with both PDTB and TiO2 responding to illumination are 

consistent with the photocurrents in Figure 3d. It is clear that the 

photo-generated electrons and holes on the PDTB and TiO2 

electrode can be effectively transferred to participate in the 

electrocatalytic ORR and OER with O2
•-
 and OH

•
 as the 

respective intermediates. 

 

Figure 4. ORR polarization curves of PDTB (a) and TiO2 (b) with and without 

illumination of 365 nm, as well as Pt/C + RuO2; EPR spectra of oxygen-

containing intermediates derived on the surface of PDTB (c) and TiO2 (d) with 

and without illumination with DMPO as a radical trapping reagent; and (e) 

Proposed reaction mechanism of the photo-involved Zn-air batteries. 

The mechanism of photo-excited ORR and OER for Zn-air 

batteries is proposed in Figure 4e. In the discharging process 

with illumination, the PDTB cathode harvests photons and 

generates electron-hole couples. The photoelectrons located in 

the CB of PDTB are transferred to O2 for its electrocatalytic 

reduction; at the same time, the holes left behind in the VB of 

PDTB are accepted by Zn for ZnO via the external circuit, which 

is confirmed by XRD patterns in Figure S17. The discharge 

voltage is defined by the VB of PDTB and the redox of Zn/ZnO, 

and therefore is over the equilibrium of 1.64 V due to the 

contribution of light, as depicted in Figure 4e and consistent with 

Figure 4a. In the charging process, the photo-generated holes 

with strong oxidation capability in the VB of TiO2 are driven for 

the conversion of OH
-
 to OH

•
 by an applied voltage, which then 

decomposes to release O2; meanwhile, the photoelectrons are 

transported through the external circuit to the anode for the 

reduction of ZnO to Zn. The charge voltage is corresponding to 

the potential difference between the redox of Zn/ZnO and the 

CB of TiO2, which is reduced below the equilibrium in Figure 4e 

and in agreement with Figure 4b. The reversible formation and 

decomposition of ZnO/Zn on the double sides of Zn mesh are 

confirmed by XRD patterns in Figure S17 and SEM images in 

Figure S18. The reactions at the PDTB or TiO2 cathodes and Zn 

anode in the discharging and charging processes of the Zn-air 

batteries are illustrated below: 

Discharging process: 

Cathode:           PDTB hv  e
-
 + h

+
 

O2 + e
-
  O2

•-
 

O2
•-
 + 2H2O + 3e

-
 → 4OH

-
  

Zn anode:         Zn + 4OH
-
  Zn(OH)4

2-
 + 2e

-
 

Zn(OH)4
2-

 + 2e
-
 + 2h

+
  ZnO + H2O + 2OH

-
 

Charging process: 

Cathode:           TiO2 hv  e
-
 + h

+
 

OH
-
 + h

+
  OH

•
  

4OH
•
  O2 + 2H2O 

Zn anode:         ZnO + H2O + 2e
-
  Zn + 2OH

-
 

TOTAL:             2Zn + O2 ↔ 2ZnO 

 

Figure 5. (a) Discharge/charge profiles at 0.1 mA cm
-2

 under illumination (365 

nm, 90 mW cm
-2

), (b) Discharge/charge profiles at current densities from 0.2 to 

0.5, 1.0, 2.0, 5.0, and 10.0 mA cm
-2

, (c) Discharge profiles of PDTB with and 

without illumination at a scan rate of 0.01 mA s
-1

, as well as Pt/C + RuO2, (d) 

Cycling performance at 5.0 mA cm
-2

. 

The photo-involved Zn-air battery is constructed in Figure 1. 

In a discharging process, the PDTB cathode is exposed to light 

and coupled with the Zn anode; in a reverse process, the TiO2 

cathode is switched to light. Figure 5a displays the discharge 

and charge profiles of the Zn-air battery at 0.1 mA cm
-2

 under 

illumination of 90 mW cm
-2

 with wavelength of 365 nm. The 

discharge voltage with the PDTB cathode reaches up to a 

record-high value of 1.90 V, which surpasses by 260 mV than 

the thermodynamic limit of 1.64 V of Zn-air batteries. Meanwhile, 

a record-low charge voltage of 0.59 V is achieved with the TiO2 

cathode, which is lower by 1.29 V than the state-of-the-art Pt/C + 

RuO2 of 1.88 V in Figure S19. The sensitive behaviors of the Zn-

air battery to light are in good accordance with the ORR and 

OER processes in Figure 4a and b. Of note, the involvement of 

light in the Zn-air battery can significantly increase the discharge 

voltage and reduce the charge voltage, so that its discharge 

voltage is abnormally higher than its charge voltage in an 

empirical view. This suggests additional conversion of photo-

energy to electric and chemical energy on the PDTB and TiO2 

cathodes of the Zn-air battery in the discharging and charging 

processes, respectively. 
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Figure 5b shows the discharge and charge profiles of Zn-air 

battery at varied current densities under illumination. The 

discharge voltage plateaus gradually decrease from 1.87 to 1.60, 

1.42, 1.36, 1.26, and 1.12 V, and the charge voltage increases 

from 0.61 to 0.67, 0.72, 0.78, 0.90, and 1.07 V, as the current 

density is changed from 0.2 to 0.5, 1.0, 2.0, 5.0, and 10 mA cm
-2

. 

The discharge voltages remain higher than the charge voltages, 

though the voltage difference between discharge and charge is 

reducing. This counterintuitive tendency upon illumination is in 

contrast to the dark condition in Figure S20 and the Zn-air 

battery with Pt/C + RuO2 in Figure S21. The discharge voltages 

of the Zn-air battery under illumination at small currents below 

1.0 mA cm
-2

 are significantly higher than in dark and Pt/C + 

RuO2 in Figure 5c. This is superior to the reported Zn-air 

batteries with and without illumination in Table S1. Even at the 

condition of AM 1.5, the discharge voltage is still higher than the 

charge voltage in Figure S22, both of which are sensitive to the 

illumination. The cycling performance of the photo-involved Zn-

air battery is presented in Figure 5d, in which the discharge and 

charge voltages are 1.18 and 0.86 V, respectively, at 5 mA cm
-2

, 

corresponding to energy efficiency of 48.1% considering the light 

energy. It displays good cycle stability, as also evidenced by the 

stable cathodes of PDTB and TiO2 in Figure S23 and S24 and 

the reversible cathode reactions in the XRD pattern in Figure 

S17, respectively. It is in contrast to the big polarization of 0.84 V 

in the Zn-air battery with Pt/C + RuO2 in Figure S25. Although 

the contribution of light to the discharge and charge voltages is 

significant from 0.1 to 10 mA cm
-2

, it would be reduced as the 

current is largely increased. This is related to the compatibility of 

the lifetimes of photo-excited charge carriers in the 

semiconducting electrode with its interfacial charge transfer for 

ORR and OER. It is believed that the power density of the photo-

involved Zn-air battery and its incident photon-to-current 

efficiency (IPCE, Table S2) can be largely enhanced by the 

rationally-designed semiconducting materials and its tunable 

microstructures. 

In conclusion, a photo-involved Zn-air battery with two 

semiconducting PDTB and TiO2 cathodes to sandwich a Zn 

anode is constructed to harvest light energy. The PDTB and 

TiO2 are sensitive to light illumination to allow separation of 

electrons and holes, the lifetimes of which are compatible with 

the interfacial charge transfer for the electrocatalytic ORR and 

OER, respectively. In the discharging process, the 

photoelectrons in the CB of PDTB are donated to O2 for its 

reduction to O2
•-
 that then converts to OH

-
, and the holes left 

behind in the VB are transferred for oxidation of Zn to ZnO. In 

the reverse process on TiO2, the holes are driven by an applied 

voltage for oxidation of OH
-
 to OH

•
, and then it decomposes to 

release O2. An unprecedented discharge voltage of 1.90 V and 

charge voltage of 0.59 V are obtained in the photo-involved Zn-

air battery. This is related to the additional light contribution, 

which can be converted to electric energy in the discharging 

process and chemical energy in the charging process.  
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A novel photo-involved Zn-air battery with two semiconducting PDTB and TiO2 cathodes sandwiching a Zn anode is constructed, 

which is enabled by photo-excited ORR and OER in the discharging and charging processes, respectively. The resultant discharge 

voltage of 1.90 V is much higher than the charge voltage of 0.59 V, due to the contribution of photo-energy. 

Dongfeng Du, Shuo Zhao, Zhuo Zhu, Fujun Li*, 

and Jun Chen 
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Photo-excited oxygen reduction and oxygen 

evolution reactions enabling a high-

performance Zn-air battery 
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