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Energy recovery from wastewater treatment is attracting tremendous research interests since the environmental
and energy issues can be simultaneously addressed. Photocatalytic fuel cell (PFC) provides a sustainable way for
water purification and electricity generation, but its performance has been restricted by the poor mass and
charge transfer. Herein, we demonstrated an integrated PFC platform by mimicking the metabolic processes in
human body. Inspired by the purification of metabolites in the microstructure of liver lobules, flow-through TiO2
photoanode with numerous microchannels was developed. Compared to traditional PFC with planar photoanode,
the biomimetic microflow PFC exhibited 3 to 5-fold enhancements in the removal efficiencies of various organic
pollutants, including perfluorooctanoic acid, 4-chlorophenol, bisphenol A, methylene blue, and amoxicillin. To
mimic the breathing process in alveoli, an ultrathin air cathode was fabricated by sputtering Pt (loading as small
as 0.01 mg cm− 2) on nanoporous polyethylene film, contributing to fast oxygen diffusion and abundant gasliquid-solid three-phase reactive sites. The construction of this dual-biomimetic PFC system resulted in an
open circuit voltage of 0.92 V and a record-high power output of 500 μW cm− 2 under simulated solar light. The
series connection of modularized reactors allowed for the successive purification of wastewater by self-generated
electricity. Thus, this work opens up new opportunities of biomimetic photocatalytic system for addressing the
water-energy nexus.

1. Introduction

toxicity [3–5]. Such a contaminant possesses exceptional stability that
originates from the high energy of carbon–fluorine bonds (ca. 530 kJ
mol− 1) and the helical conformation of its molecular structures [6,7].
Harsh reaction conditions and high energy consumptions are usually
required for the removal of these refractory contaminants, unavoidably
impeding the efficacy and sustainability of water treatment system
[8–10]. On the other hand, wastewater itself is an energy source and the
chemical energy embedded in domestic wastewater is estimated to be
more than nine times that required to treat them [1]. Therefore, it is of
great significance to develop viable routes for the degradation of
recalcitrant contaminants with low or even no energy consumption.

Water treatment is always on the spotlight of environmental engi
neering since it is closely related to human and ecological health.
Despite the emerging technologies in recent years, the development of
sustainable water purification system remains a challenge [1]. For
instance, more and more persistent organic pollutants (POPs) have been
detected in aquatic environment, posing new public health risks [2].
Perfluorooctanoic acid (PFOA), one of the newly classified POPs, has
been regarded as an emerging environmental concern due to its global
distribution, environmental persistence, bioaccumulation, and potential
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In the past decades, photoelectrocatalytic (PEC) techniques based on
semiconductors have been intensely investigated as promising and
sustainable solutions to meet the growing needs of degrading refractory
pollutants [11–14]. The high oxidation potential of photoanode ensures
the generation of highly reactive species, by which various pollutants,
such as PFOA [5,15], 4-chlorophenol (4-CP) [16], and even gaseous
nitric oxide (NO) [17], can be degraded. When combining photoanode
with oxygen reduction cathode, electricity would be generated since
photoinduced electrons could spontaneously pass through the external
circuit to the cathode for oxygen reduction reaction (ORR). This inte
grated reaction system, known as photocatalytic fuel cell (PFC), is
thought to be a promising avenue for addressing the water-energy nexus
[18–22]. Although intensive efforts have been made, the performance of
conventional PFC assemblies is far below expectations. One of the
essential reasons is the sluggish mass transfer of pollutant molecules
toward the planar photoanode surface [23–26]. Considering the rela
tively short lifetime of photogenerated holes and oxidative species [16,
17], their collision probabilities and reaction rates with contaminants
would be at low levels, which causes a large waste of energy. The similar
dilemma also exists for the ORR cathode, since the low solubility of
oxygen in water greatly hinders its diffusion towards reactions sites
[27]. Despite the facilitated mass transfer by gas diffusion layer (GDL),
the relatively large thickness of common carbon-based GDL and its
vulnerability to water flooding unavoidably impede the efficiency and
durability [28–30]. In this context, it is highly desirable to develop a
novel PFC design strategy that can overcome the mass transfer limita
tions in both the photoanode and ORR cathode.
Human body is a sophisticated system that features fast matter and
energy exchange, where different organs work efficiently and collabo
ratively. For instance, the liver plays a pivotal role in metabolism of the
body with millions of liver lobules as the functional units [31]. Inside the
lobule there are numerous micron-sized canals run between the liver
cells. As blood and bile flow through these canals, the dissolved nutri
ents and metabolic wastes can be quickly captured and transformed by
the liver cells [31]. Similarly, the anatomical microstructure of lung
makes it one of the most efficient system for gas-liquid oxygen exchange
[32]. Air inhaled into the lung is directed to the alveoli, which are in
close contact with the blood vessels. The small thickness of alveolus
membrane,
together
with
the
asymmetric
hydro
philicity/hydrophobicity, allow the easy passage of oxygen toward the
bloodstream [33]. Realizing that nature has provided a roadmap to
optimize the mass and charge transport, many researchers focused on
biomimetic materials to address the insuperable drawbacks of tradi
tional electrodes [34]. Although three-dimensional (3D) electrodes with
flow-through configuration have emerged as promising candidate for
energy conversion and pollutants degradation, the sluggish electron
transfer and large pores significantly hinder their potential application
[19,35,36]. In a recent study, Li et al. developed a lung-mimicking
electrode on nanoporous polyethylene (PE) membrane for rapid mass
transfer of O2 molecules between gas and liquid phase [33]. Specifically,
this micron-thick membrane deposited with Pt catalysts provided ample
gas-liquid-solid three-phase sites for oxygen reduction. However, the
construction of biomimetic PFC system for self-powered water purifi
cation has never been reported.
In this work, we developed a dual-biomimetic PFC system by
combining liver-inspired microflow photoanode with lung-mimicking
air cathode (Scheme 1). Numerous micron-sized channels were intro
duced to photoanode by growing TiO2 nanowire arrays on fibrous
conductive substrate (diameter < 10 μm), well mimicking the highly
branched canals in liver lobule. Nanoporous PE membrane, which is
analogous to alveolus membrane and possesses asymmetric hydrophi
licity/hydrophobicity and unhindered gas pathways, was employed as
an efficient ORR cathode. As a result of the optimized mass and charge
transfer in both electrodes, extraordinary performance on pollutants
degradation (e.g., PFOA, 4-CP, bisphenol A, methylene blue, and
amoxicillin) and electricity generation were achieved for such a dual-

Scheme 1. Schematic illustration of the dual-biomimetic PFC system with
liver-inspired microflow TiO2 photoanode and lung-mimicking air cathode for
wastewater remediation and simultaneous electricity generation.

biomimetic PFC reactor. Notably, these monolithically integrated fuel
cells can be assembled in a modular manner and work in series, thus
providing high adaptability for the scalable applications.
2. Material and methods
2.1. Electrodes preparation
The liver-inspired microflow TiO2 (denoted as liv-TiO2) photoanode
was fabricated using a seed-assisted hydrothermal method [37]. A seed
solution of 75 mM tetrabutyl titanate in isopropanol was prepared first.
Then, a piece of carbon cloth was dipped into the seed solution for 1 min,
taken out and dried at 50 ◦ C. After repeating the seeding process for
three times, the carbon cloth was annealed at 400 ◦ C for 2 h with a
heating rate of 2 ◦ C min− 1 in the air to deposit a thin layer of TiO2 seeds
on carbon cloth. The seeded carbon cloth was held by a self-made PTFE
holder and placed vertically in a 50 mL autoclave containing 20 mL 6 M
HCl and 200 μL tetrabutyl titanate. The autoclave was then sealed and
heated at 150 ◦ C for 8 h. After reaction, the carbon cloth was taken out,
placed in a tube furnace with 50 mL min− 1 gas flow (10 % H2 and 90 %
Ar), and annealed at 500 ◦ C for 2 h with a ramping rate of 2 ◦ C min− 1.
The similar method was used to grow TiO2 electrode on planar F-doped
tin oxide (FTO) substrate (denoted as pl-TiO2) except that the calcina
tion was conducted at 400 ◦ C in 10 % H2 to avoid the decomposition of
FTO (Fig. S1).
For the preparation of lung-mimicking air cathode, a silver layer was
firstly deposited on nanoporous PE membrane (44 % porosity) by a
pulsed magnetron sputtering in argon atmosphere. The working voltage,
pulse on-time, and frequency were 1100 V, 20 μs, and 100 Hz, respec
tively. The distance between silver target (99.99 %) and PE membrane
was 10 cm and the deposition rate was ca. 2 nm min− 1. The deposition
time was set to be 20 min to obtain a 40 nm-thick Ag layer. Then, 5 nm Pt
was deposited on the PE membrane using a JEC 3000FC ion sputter
coater with a deposition rate of 2.8 nm min− 1. Finally, a copper wire was
connected to the Pt-coated PE membrane using silver paint. The final
electrode was referred as lung-PE.
2.2. (Photo)electrochemical measurements
All the electrochemical measurements were carried out on a Gamry
Interface 1000 electrochemical workstation. For the typical threeelectrode configuration, saturated Ag/AgCl electrode and Pt-wire elec
trode were used as the reference and counter electrode, respectively. A
500 W Xe lamp (CEL-S500) coupled with an AM 1.5 G filter was used to
2
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simulate solar irradiation and the light intensity was calibrated to 100
mW cm− 2. The supporting electrolyte was 1 M NaOH solution (pH 13.6).
Alternatively, 0.2 M Na2SO4 was used as the electrolyte at other pH
conditions. A self-made single compartment cell (working volume 20
mL) was used for most of the experiments unless otherwise mentioned,
where the electrolyte was separated from the air by lung-PE cathode
(Fig. S2). The cathode in PFC reactor was lung-PE, while the photoanode
was either liv-TiO2 (denoted as bio-PFC) or pl-TiO2 (denoted as pl-PFC).
Oxygen was purged into the gas chamber at a flow rate of 20 mL min− 1.
Photocurrent–voltage curves were measured at a scan rate of 10 mV s− 1.
Electrochemical impedance spectroscopy (EIS) analysis was carried out
in the frequency range of 105 to 10− 2 Hz with an alternating current
(AC) voltage amplitude of 10 mV. For the assembly of continuous-flow
PFC reactor, an LED lamp (365 nm, 30 W) was used as the light
source (Fig. S3). The distance between LED lamp and photoanode was
10 mm and the light intensity was ca. 50 mW cm− 2. The effective areas
of photoanode and cathode were 9 cm2 and 16 cm2, respectively.

(MB) was detected by UV–vis spectrophotometer (Hitachi UV-3100) at
664 nm. The concentration of Cl− was determined by Dionex Aquion ion
chromatography system. Scavenging experiments of reactive species
were conducted by adding 0.2 M tert-butanol or sodium oxalate into the
PFC system. Each experiment was carried out in triplicates and the
average values with standard deviations were presented.
3. Results and discussion
3.1. Characterization of liv-TiO2 photoanode
Liver is the major metabolic organ in human body. Benefitting from
the highly branched micron-sized canals (i.e., sinusoid) in liver lobule,
toxic chemicals in blood can be efficiently captured and degraded by
liver cells (Fig. 1a and S4) [31]. This undoubtedly provides useful
guidance that the construction of microflow channels in photoanode
may bring remarkable enhancement in the removal of pollutants as well
as utilization of photogenerated charges. To verify this hypothesis,
aligned TiO2 nanowires were grown onto 3D carbon fibers (diameter <
10 μm), which provided massive microflow channels for mass transfer to
mimic the function of liver lobule (Fig. 1b). It can be observed that TiO2
nanowires with diameter of ca. 100 nm and length of 2 μm were verti
cally and homogenously grown onto the carbon skeleton (inset in
Fig. 1b). In comparison, TiO2 nanowires on planar FTO (denoted as
pl-TiO2) were closely packed and only the top parts were exposed
(Fig. S5), which lead to a significant waste of the reaction sites. The
combination of XRD and TEM measurements revealed that TiO2 nano
wires are in rutile phase (Fig. S6 and S7). A certain amount of oxygen
vacancies was introduced to endow TiO2 with high electron mobility
and photocarrier separation efficiency [38], which was evidenced by
ESR analysis (Fig. S8). Such a 3D hierarchical structure of
liver-mimicking TiO2 electrode not only provides microchannels for the
fast mass transfer of pollutant molecules, but also contributes to abun
dant reactive sites for pollutants adsorption and degradation. Judging
from the N2 adsorption–desorption isotherms (Fig. S9), liv-TiO2 photo
electrode exposes 14-times larger BET surface area (8.80 m2 g− 1) than
that of bare carbon cloth (0.64 m2 g− 1). The relatively small surface area
of carbon cloth in comparison to its amorphous counterparts is likely

2.3. Degradation of organic pollutants
The degradation of organic pollutants was carried out using a twoelectrode system, where liv-TiO2 (6 cm2) and lung-PE (10 cm2) were
used as the photoanode and cathode, respectively. A solution of 0.2 M
Na2SO4 with pH adjusted to 9 was utilized as the electrolyte. The initial
concentration of PFOA was 100 μg L− 1, while the concentrations were 5
mg L− 1 for the other organics. A magnetic stirrer was used to agitate the
solution at 400 rpm unless otherwise mentioned. PFOA was analyzed by
triple quadrupole liquid chromatograph mass spectrometer (LCMS8050, Shimadzu) with a Shim-pack GIST C18 column (2 μm, 2.1 mm ×
100 mm). The mobile phase was comprised of acetonitrile and 5 mM
ammonium acetate aqueous solution (volume ratio 50:50) and the flow
rate was 0.3 mL min− 1. The concentration of 4-CP, bisphenol A (BPA),
and amoxicillin (AMX) was determined by high-performance liquid
chromatography (HPLC 1260, Agilent) with a Zorbax SB-C18 column (5
μm, 4.6 mm × 250 mm). The mobile phase for the analysis of 4-CP and
BPA was a mixture of methanol and water with a volume ratio of 70:30,
while it is a mixture of methanol and 5 mM H3PO4 aqueous solution
(volume ratio 10:90) for AMX. The concentration of methylene blue

Fig. 1. (a) Schematic illustration of a part of the liver lobule showing the microflow in sinusoid. (b) SEM image of liv-TiO2 photoanode. The inset figure shows TiO2
nanowire arrays. (c) CFD simulation of the flow velocity distribution in liv-TiO2 photoanode. (d) UV–vis absorption spectra of liv-TiO2 and pl-TiO2 electrodes. Insets
show the optical images of liv-TiO2 (top) and pl-TiO2 (bottom). (e) J–V curves and (f) EIS Nyquist plots of liv-TiO2 and pl-TiO2 photoelectrodes. Insets in panel f show
the simplified Randle’s circuit model and fitted resistance values. The dashed curves in panel f represent the simulated Nyquist curves.
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due to the graphitic structure of carbon cloth, as can be revealed by the
XRD results (Fig. S6). Nevertheless, the graphitic structure contributes to
high electrical conductivity of carbon cloth (Fig. S10), which makes it an
ideal current collector. To further demonstrate the large surface area of
the liver-mimicking photoelectrode, the adsorption of methylene blue
(MB) dye was measured on liv-TiO2 as well as pl-TiO2. The adsorption
capacities of MB molecules were determined to be 26.4 nmol cm− 2 and
2.5 nmol cm− 2 for liv-TiO2 and pl-TiO2, respectively. Such a large sur
face area of microflow structure can significantly increase the contact
efficiency between electrode and solution, thereby offering an ideal
platform for the degradation of pollutants.
Besides the surface area of photoelectrode, the mass diffusion of
pollutant molecules from bulk solution to the electrode surface is
another essential factor determining the degradation efficiency. To
investigate the mass transfer properties, water flow rates on the surface
of liv-TiO2 and pl-TiO2 were simulated by a computational fluid dy
namics (CFD) method. As shown in Fig. 1c, the spacings of carbon fibers
in liv-TiO2 provide microchannels for the solution to flow through.
Meanwhile, the branched TiO2 nanowires are advantageous to trigger
water turbulence, thus contributing to high liquid velocity near the
catalyst surface. Benefitting from the promoted mass transfer process,
rapid degradation of pollutants and efficient utilization of photo
generated holes can be realized. In contrast, the FTO substrate in pl-TiO2
acted as a physical barrier against the water flow, with an obvious
laminar layer forming between the electrode surface and bulk solution
(Fig. S11). The flow rate on the surface of TiO2 nanowires was almost
zero for pl-TiO2, unavoidably leading to restricted pollutants diffusion
and low hole utilization efficiency.
To investigate the light absorption property of TiO2 photoelectrodes,
UV–vis absorption spectroscopy measurements were conducted. As
shown in Fig. 1d, both liv-TiO2 and pl-TiO2 exhibited similar absorption
edges at 400 nm, which corresponds to a band gap of ca. 3.1 eV [37].
Compared to pl-TiO2, liv-TiO2 exhibited much higher light absorption
coefficients across the whole photoresponse region, which can be also
observed from the optical images in the insets of Fig. 1d. After excluding
the broadband light absorption of carbon substrate (Fig. S10), the ab
sorption coefficient of liv-TiO2 (ΔAbs = 0.96) in ultraviolet region was
still much higher than that of pl-TiO2 (ΔAbs = 0.68). This enhancement
in light absorption is a result of the higher TiO2 loading and stronger
light scattering on 3D hierarchical liv-TiO2 structure [39]. The photo
current–voltage (J–V) curves of these two electrodes under simulated
solar irradiation are presented in Fig. 1e. It can be observed that liv-TiO2
yielded a photocurrent density of 1.44 mA cm− 2 at 1.23 V vs. RHE
(thermodynamic potential of water oxidation reaction), with an onset
potential of 0.25 V vs. RHE. In comparison, the photocurrent density of
pl-TiO2 was only 1.05 mA cm− 2 at 1.23 V vs. RHE, which is 37 % lower
than that of liv-TiO2. The durability of liv-TiO2 photoanode can be re
flected by the stable photocurrents at different applied potentials
(Fig. S12). Besides, the morphology and surface composition of liv-TiO2
photoanode remained unchanged after the long-term operation
(Fig. S13), further demonstrating its good stability.
To take a closer look at the charge separation mechanisms, electro
chemical impedance spectroscopy (EIS) was measured and the obtained
Nyquist plots were displayed in Fig. 1f. A simplified Randle’s circuit
model was employed to simulate the EIS data. The series resistance (Rs)
and charge transfer resistance (Rct) of pl-TiO2 were 21.8 Ω and 36.9 Ω,
respectively. In comparison, these values were much smaller for livTiO2, with Rs and Rct being 5.3 Ω and 19.9 Ω, respectively. The greatly
reduced resistance demonstrated that the electrical conductivity and
interfacial charge transfer of liv-TiO2 were largely enhanced, which
contributed to its excellent PEC performance. Benefitting from high
catalyst loading, enhanced light harvesting, and accelerated carriers
transfer, liv-TiO2 achieved ca. 70 % incident-photon-to-current effi
ciency (IPCE) in the wavelength range of 300–380 nm (Fig. S14). In
comparison, the IPCE of pl-TiO2 was much smaller (ca. 50 %) in the
same wavelength range. Both liv-TiO2 and pl-TiO2 exhibited the same

onset of IPCE spectra at 400 nm, implying that there was no essential
difference in the band gap of these two photoanodes. Therefore, it can be
concluded that the enhanced UV light adsorption and accelerated elec
tron transfer contributed mainly to the improved PEC performance of
liv-TiO2.
3.2. Characterization of lung-PE Air Cathode
The excellent performance of lung in oxygen uptake can be mainly
attributed to the small thickness and asymmetric hydrophilicity/hy
drophobicity of alveolus membrane [33]. To prepare the
lung-mimicking air cathode, an ultrathin nanoporous PE film with high
flexibility was used for the deposition of Pt catalysts. A layer of silver
was sputtered on the film in advance to achieve high electrical con
ductivity. The thickness of Ag and Pt were kept at 40 nm and 5 nm,
respectively, to achieve high ORR activity at relatively low cost
(Fig. S15). As shown in Fig. S16, lung-PE air cathode displayed a shiny
metallic luster, while the color of the other side remained white. SEM
image indicated that the nanoporous PE film features interconnected
fibers with a variety of pore radius sizes ranging from 100 to 200 nm
(Fig. S17). After the deposition of Ag/Pt layer, the film surface was
covered by metal particles with an average particle size of ~50 nm,
while the pores remained open (Fig. 2a). The connected Ag/Pt particles
contribute to the excellent conductivity of lung-PE film, which can be
verified by the small series resistance (8 Ω) derived from EIS measure
ment (Fig. S18). Based on the cross-sectional SEM image (Fig. 2b), the
thickness of lung-PE film is as small as 10 μm. By mimicking the alveolus
membrane, such a thin film with massive pores allows fast gas perme
ation and would greatly reduce the diffusion resistance of oxygen mol
ecules, which is one of the essential factors for high-efficiency air
cathode [40]. The surface hydrophilicity of lung-PE film was then
evaluated by water contact angle measurements. As shown in the inset
of Fig. 2b, the PE film with Pt coating showed a relatively small contact
angle of 77◦ , suggesting the high hydrophilicity on the catalyst side. In
contrast, the back side of lung-PE film clearly exhibited a hydrophobic
nature with a larger contact angle of 119◦ (Fig. 2b). With such a Janus
structure and short gas diffusion length, the ultrathin lung-PE air cath
ode can provide ample gas-liquid-solid three-phase contacts for the fast
diffusion and reduction of O2. More importantly, the hydrophobicity
and nanosized pores of PE film would greatly prevent the occurrence of
water flooding [33], which has been a long-existing problem faced by
conventional carbon-based gas-diffusion electrodes (GDE) [29,30].
The ORR activity of lung-PE air cathode was thereafter evaluated
using linear sweep voltammetry (Fig. 2c). An onset potential of 0.9 V vs.
RHE was achieved by lung-PE, and the cathodic current density
increased rapidly with the decrease of applied potential. When the
applied voltage was 0.4 V vs. RHE, the ORR current density reached to a
value as high as 22 mA cm− 2. The O2 diffusion is not likely to be a ratelimiting step, since no saturated current was observed even at a negative
potential of − 0.2 V vs. RHE (Fig. S19) [33]. Compared with the com
mercial carbon-based GDE in previous studies (Fig. 2c, dotted curve)
[41], the lung-PE air cathode showed a 30-fold higher current density at
0.4 V vs. RHE. However, the cathodic current declined to an extremely
low level (< 1 mA cm− 2 at 0 V vs. RHE) when the O2 feeding gas was
replaced by Ar (Fig. S20), in which case only the dissolved oxygen was
available. Therefore, the superior performance of lung-PE can be
attributed to the short migration length of O2 molecules and sufficient
gas-liquid-solid reactive interfaces. The ORR activity of immersed Pt/C
cathode with hydrophobic treatment was also measured. A cathodic
current density of ca. 10 mA cm− 2 at 0.4 V vs. RHE was achieved by
immersed Pt/C, which is less than half the current density of lung-PE.
The polarization test in a wider potential range indicates that the mass
transport of oxygen molecules is a limiting step on immersed Pt/C
(Fig. S19), which is totally different from lung-PE. Meanwhile, the CV
curve of lung-PE scanned in the negative direction almost overlapped
with that in the positive direction (Fig. S21). In comparison, the
4
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Fig. 2. (a) SEM image and (b) the cross-sectional SEM image of breath-mimicking lung-PE electrode. The inset images in panel b show the water contact angles of
catalyst side (top) and PE side (bottom) of lung-PE, respectively. (c) J–V curves and (d) J–t curves of different ORR cathodes. Experiments were conducted in 1 M
NaOH solution.

enclosed area of CV curve of immersed Pt/C was larger, which can be
attributed to the capacitive behavior of carbon material in immersed
Pt/C.
The ORR stability of the cathodes was then evaluated by continu
ously running the electrochemical measurement at 0.4 V vs. RHE for 2 h
(Fig. 2d). The cathodic current of lung-PE maintained at 18 mA cm− 2
without decay, indicating the excellent stability of this lung-mimicking
air cathode. After long-term operation of more than 10 h, there was little
change in the morphology and surface composition of lung-PE
(Fig. S22). Meanwhile, the current density of immersed Pt/C
decreased rapidly from 10 mA cm− 2 to about 2 mA cm− 2 within a short
time duration (2 h). During this process, the hydrophobicity of
immersed Pt/C got worse, with the electrode being flooded by solution
(Fig. S23). Consequently, the gas diffusion channels and three-phase
reactive sites in immersed Pt/C cathode were blocked, thereby deteri
orating the ORR performance. In contrast, the intrinsic hydrophobic
feature of PE film ensures the high efficiency and durability of breathmimicking lung-PE air cathode for ORR reaction. The Pt loading on
lung-PE was only 0.01 mg cm− 2 and far less than those on conventional
Pt/C-based cathodes (>0.5 mg cm− 2) [26,42–44], making it a good
candidate as the cathode of cost-effective PFCs. More importantly, the
unique features of lung-PE (small thickness, hydrophilic/hydrophobic
Janus structure, and suitable pore size) can also provide significant
design principle for the novel ORR cathode.

surface for oxidation reactions [46]. An electricity output can be easily
collected from the external circuit during this process. In this context,
the energy generation performance of bio-PFC could be greatly
improved by the synergistic effect of enhanced light absorption in
liver-inspired microflow photoanode and accelerated oxygen diffusion
in lung-mimicking air cathode. The voltage–current curves of bio-PFC
under different conditions were recorded and shown in Fig. 3a. A
short-circuit current density (JSC) of 1.34 mA cm− 2 and an open-circuit
potential (VOC) of 0.84 V were generated at pH 13.6, which are in
consistent with the intersection of anodic and cathodic current curves
(Fig. S24). The addition of 0.1 M glycerol as fuel lead to remarkable
increase in the electricity output performance, with JSC and VOC
reaching 1.51 mA cm− 2 and 0.92 V, respectively. As a consequence, the
maximum power density (Pmax) of bio-PFC in glycerol solution was
determined to be 500 μW cm− 2 (Fig. 3b). To the best of our knowledge,
this power density is one of the largest among the reported PFC devices
under simulated solar irradiation (Table S1). The record-breaking per
formance of this dual-biomimetic PFC in electricity generation is a result
of the microchannel-enhanced photocarriers utilization in both the
photoanode and ORR cathode. It should be noted that the presence of
glycerol showed little impact on the ORR performance of lung-PE
cathode (Fig. S20), demonstrating that the enhancement in power
generation was mainly attributed to the oxidation of glycerol. Compared
to bio-PFC, the pl-PFC with pl-TiO2 photoanode and lung-PE cathode
exhibited much lower power output (Fig. S25 and Table S2), further
demonstrating the advantages of biomimetic liv-TiO2 photoanode.
Profiting from microflow channels in liv-TiO2 photoanode, the diffusion
of glycerol was greatly accelerated and the oxidation products can
quickly detach from the photoanode surface. As a result, selective
oxidation of glycerol into value-added products such as glyceraldehyde
and 1,3-dihydroxyacetone was accomplished (Table S3), thereby real
izing electricity generation and chemicals upgrading simultaneously
[47–49].
It should be noted that there was a decline in the electricity output of
bio-PFC as the pH value decreased. The output voltage of bio-PFC at pH
= 11, 9, and 7 were 0.70, 0.65, and 0.54 V, respectively. This decline

3.3. Electricity generation of dual-biomimetic PFC
On the basis of the intriguing features of liver-inspired microflow
photoanode and lung-mimicking air cathode, a microchannel-enhanced
dual-biomimetic PFC was fabricated and denoted as bio-PFC (Scheme
1). Upon illumination, the liv-TiO2 photoanode with 3D architecture can
efficiently absorb incident light and generate electron-hole pairs.
Considering the large energy difference between the conduction band of
TiO2 (ca. − 0.2 V vs. RHE) [45] and ORR onset potential on Pt catalyst
(ca. 0.9 V vs. RHE, Fig. 2c), the photogenerated electrons in TiO2 would
migrate to the lung-PE air cathode spontaneously, leaving holes in TiO2
5
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Fig. 3. (a) Output voltage–current curves of bio-PFC in different supporting electrolytes and (b) the corresponding power–current curves.

could be mainly attributed to the more sluggish ORR reaction kinetics at
lower pH (Fig. S26) [50]. Although the utilization of two-compartment
configuration with ion exchange membrane could avoid the negative
impact of low pH in anolyte, it’s far from cost-effective to equip the PFC
device with expensive ion exchange membrane [19]. Nevertheless,
bio-PFC showed a relatively high JSC value of 1.13 mA cm− 2 at pH 9,
which is larger than most of the PFC devices (Table S1). To achieve
promising electricity output performance at relatively mild conditions, a
pH value of 9 was selected for the following experiments. It can be
observed that bio-PFC exhibited steady current output at different cell
voltages (Fig. S27), implying its superiority in long-term operation.
Specifically, the output current maintained a stable value as high as 1.1
mA cm− 2 under short-circuit condition, which is favorable for the fast
degradation of organic pollutants on photoanode.

transfer and subsequent degradation of PFOA molecules. In comparison,
there was almost no degradation of PFOA under open-circuit condition
in the dual-biomimetic PFC system (Fig. S29), where there was no cur
rent passing through the photoanode. This is in agreement with previous
reports that mere photocatalysts can hardly degrade PFOA under solar
irradiation [51]. To have a quantitative analysis on the degradation
process, pseudo-first-order kinetics was employed to simulate all the
degradation plots (inset in Fig. 4a). It can be observed that bio-PFC
exhibited a large rate constant (kobs) of 18.6 × 10− 3 min− 1 for PFOA
degradation, which is about 4.2-fold higher than that of pl-PFC (4.4 ×
10− 3 min− 1). The excellent performance of the biomimetic microflow
structure implies that both the charge separation and mass transfer play
essential roles in the photocatalytic oxidative degradation of pollutants.
With numerous holes and PFOA molecules accumulated on the photo
anode surface, rapid degradation of PFOA would take place in bio-PFC
system.
The decomposition products of PFOA were thereafter analyzed.
Several short-chain perfluorocarboxylic acids (PFCAs) were identified,
including C6F13COO− (PFHpA), C5F11COO− (PFHxA), C4F9COO−
(PFPeA), C3F7COO− (PFBA), C2F5COO− (PFPrA), and CF3COO− (TFA).
The time dependent concentrations of these products were shown in
Fig. 4b. At the first 40 min of PFOA degradation, the concentrations of
PFHpA and PFHxA reached their maximum values, respectively.
Meanwhile, the peak concentrations of PFPeA and PFBA appeared at 80
min and 120 min, respectively. After 120 min degradation, PFPrA and
TFA with shorter chains became the main products. These results imply
that PFOA is decomposed by stepwise losing a CF2 group, which is in
good accordance with the previous reports [3,5–7].
The contribution of possible oxidative species, including photo
generated holes, •OH, and SO•−
4 , were separately investigated. Oxalic
acid and tert-butanol were utilized to quench holes and •OH, respec
tively [19]. Alternatively, Na2SO4 electrolyte was replaced by NaClO4 to
exclude the possible contribution of SO•−
4 , given that perchlorate ions

3.4. Pollutants degradation on bio-PFC
With large short-circuit current and high oxidation ability, the dualbiomimetic PFC offers great potential for pollutants elimination and
simultaneous electricity generation with high efficiency. Per
fluorooctanoic acid (PFOA), a globally distributed organic pollutant
with serious human health risk and high resistance to decomposition,
was selected as a model pollutant to test the photocatalytic oxidation
performance of bio-PFC under short-circuit condition. To investigate the
impact of microflow structure of liver-inspired TiO2 photoanode on the
degradation process, a similar PFC based on planar TiO2 photoanode
(designated as pl-PFC) was fabricated and employed for the PFOA
degradation experiments. Almost complete elimination of PFOA (99 %
removal efficiency) was achieved on bio-PFC within 4 h, while its
degradation efficiency on pl-PFC was only 65 % in the same duration
(Fig. 4a). Considering that the currents in bio-PFC and pl-PFC systems
were in the same level (Fig. S28), it’s reasonable to infer that the
microchannels in liv-TiO2 photoanode significantly facilitate the mass

Fig. 4. (a) PFOA degradation in pl-PFC and bio-PFC systems. Inset shows their corresponding reaction kinetic plots. (b) The concentration evolution of short-chain
PFCAs with degradation time. (c) The removal of PFOA by bio-PFC in the presence of different reactive radical scavengers. Experiments were conducted under shortcircuit conditions in 0.2 M Na2SO4 solution (pH = 9) with 100 μg L− 1 initial PFOA concentrations.
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are relatively inert during the oxidation process [3]. As shown in Fig. 4c,
the removal efficiency of PFOA in NaClO4 electrolyte reached 95 % after
4 h photoelectrolysis, which is close to that in Na2SO4 solution. The
excellent performance of bio-PFC in the absence of Na2SO4 indicates
that SO•−
4 has little contribution on the degradation process. Meanwhile,
although the addition of 0.2 M tert-butanol exerted negative effect on the
decomposition of PFOA, its removal efficiency was still as high as 86 %.
In contrast, the degradation process was almost completely inhibited in
the presence of 0.2 M oxalic acid, suggesting that photogenerated holes
are the main oxidative species. Therefore, the possible degradation
mechanisms of PFOA can be mainly described as the direct oxidation by
holes, while the indirect oxidation by •OH also contributes to PFOA
removal in some extent. Given that both holes and •OH have relatively
short lifetimes, the contact efficiency between PFOA and electrode
surface plays a critical role in the degradation process. Therefore, it is of
great significance to fabricate such a dual-biomimetic microflow PFC
system for the efficient mass transfer and fast elimination of pollutants.
The degradation efficiency of another halogenated compound, 4chlorophenol (4-CP), was also evaluated on bio-PFC. As shown in
Fig. 5a, negligible degradation of 4-CP was observed under blank con
dition (i.e., with only light irradiation), indicating its persistence in
aquatic environment. Nevertheless, complete 4-CP removal was ach
ieved on bio-PFC within 1 h and the corresponding dechlorination ef
ficiency reached as high as 93 %. In stark contrast, the degradation of 4CP on pl-PFC was much slower. As a result, a 5-fold higher degradation
kinetic constant was obtained on bio-PFC than that of pl-PFC (Fig. 5c
and S30). Radical quenching experiments confirmed that the main
reactive species responsible for 4-CP degradation were holes (Fig. S31),
which is similar to that of PFOA. In this context, the adsorption and
direct oxidation of 4-CP on the surface of liv-TiO2 make great contri
butions to its decomposition.
To further investigate the impact of mass transport on pollutants
removal, 4-CP degradation experiments at different stirring rates (0,
200, and 400 rpm) under the same load current (1 mA cm− 2) were
conducted (Fig. 5b). The reaction kinetics (kobs) on pl-PFC was 21 ×
10− 3 min− 1 at 400 rpm stirring rate, which was nearly 2-fold of that at
0 rpm (11 × 10− 3 min− 1). This result demonstrates that the degradation
of dilute pollutants is largely limited by the mass transport. Meanwhile,
35 % enhancement of degradation kinetics on bio-PFC was obtained by
increasing the stirring rate from 0 to 400 rpm. Nevertheless, the
degradation of 4-CP on bio-PFC without stirring was still much faster
than that on pl-PFC at high stirring rate, indicating that the micro-fluidic
architecture of liv-TiO2 contributed to fast mass transport.
The promising design strategy of this dual-biomimetic microflow
system can be also validated by the fast elimination of several other
representative refractory pollutants on bio-PFC, including bisphenol A
(BPA), methylene blue (MB), and amoxicillin (AMX). All these toxic
contaminants showed 3 to 5-fold higher degradation kinetics on bio-PFC
than those on pl-PFC, as shown in Fig. 5c. The facilitated removal of

these compounds with different molecular structures and surface
charges demonstrates the versatility of bio-PFC for the purification of
various wastewater streams. More importantly, this observation leads to
another conclusion that mass transfer is one of the limiting steps in the
photoelectrocatalytic degradation processes of micropollutants.
Benefitting from the large surface area and abundant microchannels of
liver-inspired TiO2 photoanode, accelerated reactants diffusion as well
as fast pollutants degradation can be realized.
3.5. Application potential of bio-PFC
After demonstrating the extraordinary performance of dualbiomimetic PFC in batch mode, it would be highly desirable to design
a continuous-flow PFC system that can synchronously generate elec
tricity and decompose organic pollutants. Therefore, we assembled the
microflow liv-TiO2 photoanode and ultrathin lung-PE air cathode in a
flow-through PFC reactor with an LED lamp as the light source (desig
nated as PFC-FT), as illustrated in Fig. 6a. With the lung-PE ORR cathode
open to the air, this dual-biomimetic PFC-FT device can avoid the
complex oxygen supply system. Remarkably, the open-circuit potential
and short-circuit current of PFC-FT reached 0.69 V and 42 mA, respec
tively, as shown in the voltage–current curves in Fig. 6c. As a result, a
maximum power density of 5.9 mW was achieved (Fig. 6d). By con
necting two of the PFC-FT reactors in series, both the open-circuit po
tential and maximum power output were doubled (Fig. 6c and d). A
liquid crystal display (LCD) panel with a complicated picture can be
successfully lightened by this integrated PFC device (Fig. 6b). The
extraordinary performance of the dual-biomimetic PFC system in elec
tricity generation can be also demonstrated by the continuous operation
of an electric fan in the external circuit (Video S1). This is practically
important that the energy output of the PFC system can be further scaled
up simply through series connections of multiple devices. When four
single reactors were connected in series, the open-circuit potential and
power output can be scaled up to ca. 2.6 V and 24 mW, respectively.
Besides, by connecting two sets of series PFC reactors in parallel, both
the open-circuit potential and short-circuit current can be doubled
(Fig. 6c), well demonstrating the flexibility and adaptability of this in
tegrated PFC-FT device.
Finally, the successive degradation of model MB wastewater was
tested by using a four-unit PFC-FT system, where the reactors were
connected in series (Fig. 7a). The inlet wastewater flowed through the
microflow channels of photoanode and got continuously purified on the
liver-inspired TiO2 surface. With an effective hydraulic residence time of
20 min, the outlet wastewater was almost completely decolorized after
flowing through the four-unit PFC-FT system (Fig. 7a). During a longterm operation of 5 h, the degradation efficiency of MB was main
tained at >95 % and no decay was observed in electricity generation
(Fig. 7b). Notably, up to 15 LED lamps can be simultaneously lighted
during the degradation process (Fig. 7a), showing the great potential of

Fig. 5. (a) The removal of 4-CP and the corresponding dechlorination efficiency in different photocatalytic systems. (b) The observed reaction rate constants (kobs) of
4-CP at different stirring rates under the same current (1 mA cm− 2). (c) The kobs of different organic pollutants in pl-PFC and bio-PFC systems. Experiments were
conducted under short-circuit conditions (except for panel b) in 0.2 M Na2SO4 solution (pH = 9) with 5 mg L− 1 initial pollutants concentrations.
7

Z. Gu et al.

Applied Catalysis B: Environmental 298 (2021) 120501

Fig. 6. (a) Schematic illustration of the dual-biomimetic PFC-FT system for wastewater remediation and simultaneous electricity generation. (b) Photograph of an
LCD panel driven by two PFC-FT devices connected in series. (c) Voltage–current curves and (d) power–current curves of PFC-FT devices in different connections.
Insets in panel c show the circuit diagrams. Experiments were conducted in 0.2 M Na2SO4 solution (pH = 9) in the absence of pollutant.

Fig. 7. (a) Photograph of 15 LED lamps powered by four-unit PFC-FT system during the continuous degradation of MB wastewater. (b) The removal ratio of MB and
electricity output performance of four-unit PFC-FT system. Inset in panel b shows the corresponding circuit diagram. Experiments were conducted in 0.2 M Na2SO4
solution with 5 mg L− 1 MB (pH = 9).

the dual-biomimetic PFC system for practical application in wastewater
purification and electricity generation.

with massive micron-sized channels could enhance the mass transfer of
pollutant molecules and significantly accelerate their degradation rate.
As a result, almost complete removal (99 %) of PFOA was realized on
dual-biomimetic PFC, with a 4.2-times higher degradation kinetics than
that on its planar counterpart (pl-PFC). The removal rates of several
other refractory organic contaminants, such as 4-CP, BPA, MB, and
AMX, were also 3 to 5-fold higher on bio-PFC than those on pl-PFC. The
facilitated decomposition of these compounds with different molecular
structures and surface charges well demonstrates the versatility of bioPFC for the remediation of various wastewater streams. A record-

4. Conclusions
In this study, a microchannel-enhanced dual-biomimetic photo
catalytic fuel cell with 3D hierarchical TiO2 photoanode and ultrathin
air cathode was developed for the oxidative degradation of organic
pollutants and simultaneous generation of electricity. In comparison to
conventional planar photoanode, the liver-inspired TiO2 photoanode
8
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breaking electric power output was achieved by this dual-biomimetic
PFC system under solar irradiation. Furthermore, the PFC units can be
assembled flexibly and allow for successive wastewater degradation in a
continuous flow. The dual-biomimetic PFC with optimized photoenergy
utilization and mass transportation provides an ideal platform for
addressing the water-energy nexus.
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