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ABSTRACT: Current artificial photosynthesis (APS) systems are
promising for the storage of solar energy via transportable and
storable fuels, but the anodic half-reaction of water oxidation is an
energy intensive process which in many cases poorly couples with
the cathodic half-reaction. Here we demonstrate a self-sustaining
microbial photoelectrosynthesis (MPES) system that pairs micro-
bial electrochemical oxidation with photoelectrochemical water
reduction for energy efficient H2 generation. MPES reduces the
overall energy requirements thereby greatly expanding the range of
semiconductors that can be utilized in APS. Due to the recovery of
chemical energy from waste organics by the mild microbial process
and utilization of cost-effective and stable catalyst/electrode
materials, our MPES system produced a stable current of 0.4
mA/cm2 for 24 h without any external bias and ∼10 mA/cm2 with a modest bias under one sun illumination. This system also
showed other merits, such as creating benefits of wastewater treatment and facile preparation and scalability.

■ INTRODUCTION

Sunlight offers an inexhaustible and sustainable source of
renewable energy to meet our increasing energy demand.
Presently with the availability of low-cost solar panels, the direct
harvesting of solar energy is becoming widespread, however
powering society’s 24-h demand is still challenging due to the
variation of natural sunlight and its intermittent nature. Storage
of solar energy into transportable and storable fuels, such as H2,
through the direct photoelectrolysis of water at the interface of
semiconductor and electrolyte is promising for commercial
utilization of solar energy.1,2 This artificial photosynthesis
(APS) system has advantages of low cost, high efficiency, as
well as independence of arable land and a flexibility for tailored
processes compared to natural photosynthesis.3,4 However, the
lack of a stable and efficient light-absorption semiconductor
with suitable energetics remains a major challenge for water-
splitting through the photoelectrochemical (PEC) approach.
For example, semiconductors, such as Si, InP, and GaAs (with
band gaps of 1.1−1.4 eV), do not produce sufficient voltage to
drive the water-splitting reaction since the practical energy
input needed for water-splitting ranges from 1.6 to 2.3 eV (1.23
eV being the thermodynamic potential)5 (Figure 1a).Thus, an
external electrical bias is usually applied to provide the extra

overpotential required to drive the water splitting reaction.
Additionally, in order for a single-gap semiconductor electrode
to do photoactivated water splitting, the conduction band (Ecb)
and valence band (Evb) edges of the semiconductor must
straddle the water reduction and water oxidation potentials
(Figure 1a).1 This requirement then excludes most of the
common semiconductor materials, such as GaInP2 and GaP
with ideal band gap, from achieving self-sustaining water-
splitting. As a result, there are only few semiconductor materials
that could meet requirements with the right energetics and
band gap, such as Cu2O and TiO2 (Figure 1a). Previous studies
with p-Cu2O yielded high H2 evolution Faradaic efficiencies,
but the material is unstable due to the band edge positions of
Cu2O straddling the Cu(I) reduction and oxidation potentials.6

TiO2 has a large band gap and requires activation under UV
light, making it nonideal for solar hydrogen production because
UV light only accounts for <5% energy of the solar spectrum.7
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To expand the availability of semiconductor materials for
water-splitting, many approaches have been tried to eliminate
the utilization of an external bias and improve material
performance. Unassisted PEC cells have been built by
employing multiple absorbing semiconductors (monolithic or
nanostructured) with wired or multijunction configurations
under parallel or tandem arrangements.8−14 Dye-sensitized
solar cells (DSSCs)15−18 and perovskite solar cells (PSCs)19,20

were also integrated into systems for unassisted solar water-
splitting. However, complexity and limited device lifetime are
still challenges for commercialization of these unbiased systems,
in addition to some which require prolonged and expensive
fabrication processes.
Microbial electrochemical oxidation (MEO) has emerged

recently to recover electron and energy from organic
substrate.21,22 In this process, electroactive bacteria (EAB)
capable of extracellular electron transfer oxidize organics and
transfer electrons to an electrode (Figure 1b). The electrons
can then be harvested as direct current or used to reduce
protons to H2 or CO2 to organic molecules, respectively. EAB
grow firmly as biofilm on the anode and serve as biocatalysts to
boost oxidation reactions by employing multi cellular enzymes.
Because MEO utilizes the chemical energy embedded in
organics, much less energy is required than for water oxidation.

For example, the potential of acetate degradation by MEO is
only −0.285 V (vs normal hydrogen electrode, NHE, pH = 7, T
= 298.15 K, P = 1 atm), which requires 1.1 V less energy input
than 0.816 V for water oxidation under the same condition. In
the water splitting reaction, the water oxidation half-reaction for
electron generation is the rate limiting step due to the
difficulties of mediating the 4-electron 4-proton transfer to
produce molecular oxygen. If a MEO is used to replace water
oxidation for coupling with water reduction, then the result is a
negative shift of thermodynamic potential of oxidation, thus
most semiconductors can be easily adopted for H2 evolution
without the need of external bias (Figure 1a). This reduces the
requirements of semiconductors in terms of both band gap and
redox energetics in an APS. MEO has other advantages
compared to water oxidation, such as, (i) more stable oxidation
reaction due to mild microbial process under normal biological
conditions in temperature and organic loading, which could
maintain stable for years; (ii) Low-cost carbon-based anode
materials; (iii) no O2 generation thereby eliminating O2/H2
separation; and (iv) environmental benefits can be earned such
as wastewater treatment and carbon-emission alleviation. While
some specific organic compounds, such as alcohols and organic
acids, can be used as sacrificial reagents or hole scavengers in a
photocatalytic reaction, this is different than the microbial
electrochemical oxidation of organics,23 because only chemicals
with low oxidation potentials can be utilized as sacrificial
donors. However, an electroactive bacterial consortium has
been shown that can take up any complicated organic
compounds contained in real wastewaters and generate
current.24,25 Moreover, the use of wastewater greatly expands
the applicability of APS as wastewater is generated anywhere
human being are present and need energy, and it is free, readily
available, and abundant. This approach also enables energy-
efficient wastewater treatment, as current wastewater treatment
processes are energy intensive and consume 2−4% of global
electricity production.26 The conversion of the chemical energy
in the wastewater, which is multiple times the energy used in
treatment, can transform wastewater treatment from energy-
intensive to energy-positive and subsequently reduce carbon-
emission.27 Qian et al. have shown that a pure culture of
Shewanella oneidensis MR-1could be coupled with p-Cu2O
nanowire photocathode to generate current under zero electric
bias, but the slow electron transfer dynamics on the anode and
the nature of p-Cu2O (fast charge recombination, rapid
corrosion rate, and small photocurrent production) led to
very low current density (0.05 mA/cm2).28 In addition, the use
of pure culture may not be practical for treatment of actual
wastewater. Another study demonstrated the use of a microbial
fuel cell (MFC) with MEO on the anode to drive a traditional
photoelectrochemical cell (PEC) for self-based hydrogen
production, but it didn’t investigate the direct coupling of
MEO with a semiconductor cathode.29

Here, an integrated microbial photoelectrosynthesis (MPES)
approach was used to enable energy-efficient, self-sustaining
hydrogen evolution from artificial wastewater (Figures 1 and S1
of the Supporting Information, SI). A natural mixed culture
from an indigenous environment harvests electrons from
organic matter and delivers them to a carbon anode. The
electrons are then transported to a p-type semiconductor
GaInP2 to combine with the holes in valence band upon light
illumination, while photogenerated electrons at the conduction
band reduce protons in the electrolyte. The back contacts of
the GaInP2 electrode were made by electron-beam evaporation

Figure 1. Schematic of band positions of common semiconductors
and a microbial photoelectrosynthesis (MPES) system. (a) Con-
duction (left bar, Ecb) and valence band (right bar, Evb) positions vs
NHE of semiconductor materials used in photoelectrochemical
reduction studies under conditions of pH = 7, T = 298.15 K, P = 1
atm. Here the band-gaps of Si, InP, GaAs, GaInP2, GaP, Cu2O, and
TiO2 materials are 1.1 eV, 1.3 eV, 1.4 eV, 1.8 eV, 2.3 eV, 2.4 eV, and
3.2 eV, respectively. The maximum theoretical photocurrent is under 1
sun condition (100 mW/cm2). The black dotted lines are the
thermodynamic potentials for water reduction and oxidation. The red
dotted line is the thermodynamic potential of acetate (organic)
oxidation. (b) Proposed self-sustaining MPES system with integrated
microbial electrochemical oxidation and photoelectrochemical reduc-
tion.
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of a layer of titanium (10 nm) for the better attachment of the
Au layer, followed by 300 nm of gold deposition. An annealed
bilayer of protective amorphous titanium (TiOx) and catalytic
molybdenum sulfide (MoSx) was deposited onto GaInP2 for
efficient and stable H2 production. The MPES performance in
terms of HER and stability was investigated under unassisted
and applied bias conditions.

■ MATERIALS AND METHODS
GaInP2−TiO2−MoSx Photocathode Preparation. Epi-

layer of p-GaInP2 was grown on p-GaAs(100) substrates,
miscutting toward (111) phase by 4° in an organometallic
vapor-phase epitaxy technique.30 The p-type doping level of
GaInP2 is about 2 × 1017 by Zn. Back contacts were created by
electron-beam evaporation of 10 nm of titanium, followed by
300 nm of gold on top of the GaAs. The ohmic contacts were
made by attaching copper wires through silver paste (PELCO
colloid silver) followed by covering the whole electrode with
glass and sealed with two layer of epoxy consequently (first
layer of Loctite 9462 Hysol and second layer of Loctite E-120
HP) at room temperature for overnight.
The deposition method for TiOx, PtRu, and MoSx onto the

GaInP2 was described in our previously published procedure.31

In this study, a layer of amorphous titanium dioxide (TiOx) and
cost-effective amorphous molybdenum sulfide (MoSx) catalyst
thin film were successively deposited onto GaInP2 to serve as
productive and catalytic layer, respectively, Amorphous
molybdenum sulfide (MoSx) thin film was deposited onto the
TiOx layer by reductive electrodeposition (−0.3 V vs Ag/
AgCl). The electrode was annealed at 450 °C to form a highly
active and graded MoSx/c-TiO2 catalyst layer, which demon-
strated outstanding stability and catalytic efficiency toward
hydrogen evolution in acidic condition.31 The thickness of
TiO2 layer was 24−30 nm based on STEM characterization.
The HER catalyst loading amounts of MoS2 and PtRu are 10.49
and 3.5 nmol/cm2, respectively. The surface area of photo-
cathodes was measured between 0.081 to 0.09 cm2.
IPCE Measurement. Incident photon-to-current efficiency

(IPCE) was performed in a three-electrode configuration. Ag/
AgCl served as the reference electrode and Pt foil was the
counter electrode in a 1 M phosphate buffer (pH 7) solution at
0 V versus RHE. The setup details can be found in our previous
studies.30 Each plot was gained by the average value of two
experiments.
Bioanode Enrichment and Growth Medium Prepara-

tion. Bioanodes made of carbon fiber brush (2.5 cm diameter
and 2.5 cm length, 0.22 m2 surface area) were first acclimated in
a three-electrode electrochemical cell with a poised anode
potential of 0 V (vs Ag/AgCl electrode, Pt counter
electrode).32 Anaerobic sludge obtained from an anaerobic
digester was used as microbial inoculum. The electrochemical
cell was fed with artificial wastewater (NaCH3COO, 1.5 g/L;
Na2HPO4, 4.58 g/L; NaH2PO4·H2O, 2.45 g/L; NH4Cl, 0.31 g/
L; KCl, 0.13 g/L; trace mineral and vitamin solution; pH = 7.0;
and conductivity = 8.0 mS/cm)33 for growth. The electro-
chemical cell was operated in fed-batch mode with replacement
of substrate medium in each batch until stable electric current
was generated. After that, the enriched bioanodes were
transferred to single-chamber photoelectrochemical reactors
(3 cm diameter and 6 cm length) (SI Figure S1) for coupled
investigation with photocathode.
Microbial Photoelectrosynthesis Measurement. For

each reactor, the bioanode and photocathode were placed on

the opposite ends of the reactor with a distance of 3 cm. The
effective liquid volume of each reactor was 40 mL (Figure S1).
The reactors were fed with nitrogen gas sparged artificial
wastewater to maintain their anaerobic condition and were
operated in fed-batch mode. A 150 W tungsten-halogen lamp
coupled with a UV-IR cut filter (sharp cutoff below 400 nm and
above 700 nm) that blocks infrared irradiation was used as the
solar simulator. The intensity of the light was calibrated by a
GaInP2 photodiode to ensure an incident photo density
identical to 1-sun (100 mW/cm2). A potentiostat (Biologic
VMP3) was used for bias (0 to −0.8 V) application to the
photocathode (vs anode) and linear sweep voltammetry (LSV)
measurement. The self-sustaining MPES (without bias) was
performed by applying a 0 V bias, in which the potentiostat
served as an ammeter. For convenience, all applied bias and
associated currents were reported as positive values. Ag/AgCl
electrodes (BASi-RE-5B, 0.197 V vs SHE) were used as
reference, and coiled platinum wires (BASi-MW-1033) were
used as counter electrodes. The difference in potential across
the electrodes was recorded by a data acquisition system
(model 2700, Keithley). H2 produced at the photocathode was
collected in the headspace via a glass tube connected with the
reactor, and gas content was measured using a gas chromato-
graph (Model 8610C, SRI Instruments) equipped with a
thermal conductivity detector. Chemical oxygen demand
(COD) of wastewater was measured using a standard method
(HACH Company). MPES durability tests were performed in a
24-h period without anode substrate limitation. A control
microbial electrolysis cell (MEC) was constructed by replacing
photocathode with a glassy carbon electrode (BASi- MF-2012,
0.071 cm2 projected surface area) coated with 2.56 μmol/cm
platinum (10% Pt on Vulcan XC72), and its H2 production was
compared with MPES reactors.

■ RESULTS AND DISCUSSION
Photoelectrochemical Profile of Photocathode. The p-

type semiconductor GaInP2 was used as the light absorber due
to its ideal direct band gap of 1.8 eV and excellent electronic
transport properties. Our previous study showed that
conversion of a bilayer of amorphous MoSx/TiOx to a graded
g-MoSx/MoOySz/MoO/c-TiO2 catalytic-protection layer re-
sulted in a photocathode with a higher stability for the HER
than GaInP2 coupled with a PtRu alloy catalyst, while retaining
much of the high catalytic activity of amorphous MoSx in strong
acid solution (0.5 M H2SO4).

31 However, the photo-
electrochemical properties of GaInP2−TiO2−MoSx photo-
electrode under biological condition in neutral solution (pH
= 7) are unknown. Representative photocurrent density-
potential curves for GaInP2−TiO2−MoSx and GaInP2−PtRu
electrodes in neutral solution are shown in Figure S2a. The
GaInP2−PtRu photoelectrode demonstrated a slightly better
performance than the GaInP2−TiO2−MoSx in terms of a more
positive onset potential (0.5 versus 0.4 V (vs RHE)) and a
higher current density (1.44 versus1.08 mA/cm2) at zero
overpotential. Overall though, both photoelectrodes showed
very close photoelectrochemical properties, which indicates a
low cost catalyst could replace the Pt−Ru catalyst for efficient
hydrogen generation.31

The real-time applied bias between the photoelectrodes and
Pt counter electrode during potential scans was measured and
the value ranged from 0.82 to 2.56 V (Figures S2a and S3).
This indicates that a high electrical energy input is needed to
operate this PEC cell with a single-band photocathode in pH =
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7 electrolyte. This effect is usually ignored in a photoelectrode’s
characterization and optimization process. For example, a 2.56
V bias must be applied to a GaInP2−TiO2−MoSx electrode in
order to reach a current density of 10 mA/cm2. Integration of
an electroactive bioanode with a photocathode can significantly
reduce the external bias/input energy needed while maintaining
high current density (for discussion see following section). The
GaInP2−TiO2−MoSx electrode displayed a high incident
phototo-current conversion efficiency (IPCE) of up to 80%
across the visible range (Figure S2b), ∼18% higher than the
GaInP2−PtRu electrode, and ∼31% higher than the bare
GaInP2. GaInP2−TiO2 demonstrates a poor ability to convert
photon into electron, which is consistent with its well-known
poor visible light photocurrent response.30

Integration of Bioanode with Photocathode for
Photocurrent Generation. Electroactive bioanodes were
enriched using a natural mixed culture from an indigenous
environment. The mixed culture takes advantage of the
syntrophy between electroactive bacteria (EAB) and other
functional microbial communities so comparing with a pure
culture a diverse range of substrates (e.g., proteins, carbohy-
drates, organic acids, and hydrocarbons)24,25 can be utilized,
high resilience to environmental changes can be accom-
plished,34 and systems related to real-world applications can
be developed.35 Cyclic voltammetry (CV) was employed to
evaluate the electrochemical activity of these bioanodes (Figure
S4). The CV showed that the bioanodes produced a far higher
current than a bare carbon brush anode without the bacteria,
indicating the conversion of organic substrates to electrons by
the electroactive bioanode.
To validate the concept of microbial photoelectrosynthesis

(MPES), we connected a bioanode with a photocathode via a
potentiostat and applied a bias ranging from 0 to −0.8 V vs the
anode (Figure 2a, b). For convenience, all applied bias and
associated currents are reported as positive values. At 0 V bias,
both the GaInP2−TiO2−MoSx and GaInP2−PtRu photo-
cathodes generated a short-circuit current density of 0.55 and
0.59 mA/cm2 (potentiostat serves as an amperemeter here),
respectively, under light illumination, indicating the system is
self-sustaining, operating unassisted. The photocurrent dramat-
ically increased when a small bias was applied. The current
density reached to a maximum of 10.8 (GaInP2−TiO2−MoSx)
and 12.1 mA/cm2 (GaInP2−PtRu) at only 0.8 V bias, which is
1.76 V or 69% less than the photocathode with Pt counter
electrode (Figure S2a). Note that there was no current
production in the dark at any bias. Moreover, integration of
an abiotic anode (bare carbon brush) or a platinum anode with
photocathodes only generated negligible current at high bias
(0.6−0.8 V) under illumination. In practice, this small bias can
be provided by many renewable energy sources, with an
example a microbial fuel cell (MFC),21,29 which is an
electrochemical cell that can be constructed using similar
bioanode to convert organic waste into electricity. An
additional benefit of MPES is that this hybrid bioassisted
photoelectrochmical structure allows the decoupling of hydro-
gen evolution from water oxidation rather associated with
organic oxidation. This further permits process advancement by
enabling independent reaction optimization and utilization of
different organic compounds with various redox properties, so
energy efficiency can be further improved.
The MPES performance was compared with another H2

production technology microbial electrolysis cell (MEC), which
was identified as a key route for biological H2 generation from

biomass by the US Department of Energy.25,36 The MEC was
equipped with the same bioanode but a Pt cathode for
electrochemical proton reduction. Figure 2c demonstrates that
no current was generated at 0 V bias from the MEC, while a
minimal current of 1.0 mA/cm2 was generated under a 0.8 V
bias. Compared with 12.1 mA/cm2 generated by MPES, this
current is an order of magnitude lower. This indicates that the
integration of bioanode and photocathode demonstrates great
potential for more efficient water-splitting and hydrogen
evolution.
To investigate the short time durability of the hybrid system,

I−t curves of MPES under dark and illumination conditions
(each lasts 10 min) were examined (Figure 3). Under self-

Figure 2. Current density versus applied bias curves in MPES and
MEC systems. (a, b) Photocurrent density-applied bias curves for
microbial photoelectrosynthesis (MPES) systems with GaInP2−
TiO2−MoSx and GaInP2−PtRu photoelectrode, respectively (in pH
7 buffer solution under 1 sun (100 mW/cm2) illumination). External
bias (10 mV/s step) was applied between different anodes and
photocathodes. Abiotic anode shares the same electrode as biotic
anode but without bacteria on it. (c) Current density-applied bias
curves for microbial electrolysis cell (MEC) show much lower current
outputs.
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sustaining condition, obvious photocurrent generation was
observed once the photocathode was illuminated. The
photocurrent then sharply declined to a relatively stable level
(around 0.4 mA/cm2) due to capacitance change on the
photocathode.37 The GaInP2−PtRu electrode displayed a
slightly higher photocurrent than the GaInP2−TiO2−MoSx.
When the illumination on the photocathode was blocked, the
current dropped to almost zero. Active MPES showed a very
stable reproducibility for the photocurrent-illumination re-
sponse, while photocathodes coupled with abiotic anodes
always generated zero current. Under bias condition, the
photocurrent has a strongly positive correlation with applied
bias, which is consistent with the values obtained by potential
scan given in Figure 2. Both photocathodes have similar current
profiles and demonstrated repeated response to illumination.
The photoinduced potential change of the bioanode and the
photocathode under open circuit condition were also measured
(Figure S5). The potential of bioanode is almost constant at
around −0.48 V vs Ag/AgCl with or without illumination, while
GaInP2−TiO2−MoSx and GaInP2−PtRu photoelectrodes ex-
hibited about 0.6 and 0.2 V photoresponse, respectively, which
leads to the open circuit voltages of 1.08 (GaInP2−TiO2−
MoSx) and 0.68 (GaInP2−PtRu) V. The increased open circuit
voltage may result from the formation of a p−n solid junction
(p-GaInP2/n-TiO2), which produces an internal electric field
that increases the operating photovoltage and improves photo
induced charge separation across the semiconductor to the
catalysts interface.2,38

Overall Stability of MPES. In addition to short-term (10
min) I−t curves, longer-term (24 h) durability was also
characterized to evaluate system stability and scale up potential
(Figure 4). At 0 V bias (self-sustaining condition), the

photocurrent density of the GaInP2−TiO2−MoSx electrode
displayed a similar drop in the first few minutes as in the short
term tests owing to capacitance change. The current then
increased to reach a plateau at 0.42 mA/cm2, which is
consistent with the value in the short term I−t curve. However,
the photocurrent density of the GaInP2−PtRu electrode
continuously decreased from 0.8 to 0.16 mA/cm2 after 8 h,
and then recovered to about 0.2 mA/cm2 at the end of
experiment, indicating a half decay compared to that obtained
in short-term experiment. The same phenomenon has also
been observed at 0.8 V bias. Both electrodes exhibited a decline
in the photocurrent within the first 2 h, then the GaInP2−
TiO2−MoSx electrode stabilized at around 7.7 mA/cm2 while
the photocurrent of GaInP2−PtRu continued to drop to 5.6
mA/cm2 after 24 h, which represents a 23% and 44% decrease
compared to an initial current of about 10 mA/cm2. This decay
of photocurrent should be derived from photocathodes rather
than bioanode, because the current decay due to substrate
limitation for anodic bacteria has been excluded by providing
sufficient substrate (electron donor) for sustaining maximum
current generation far longer than 24 h based on Coulombic
calculation. In general, the cost-effective GaInP2−TiO2−MoSx
electrode is more stable than the precious metal modified
GaInP2−PtRu electrode due to a combination effect of TiO2

protection layer and intercalated TiO2−MoSx catalytic layer,
which agrees with results obtained for these electrodes in acid
solution.31 Interestingly, almost all decrease in photocurrent
density for GaInP2−TiO2−MoSx electrode in neutral solution
occurred within the first 2 h, and then a stable profile was
observed from 2 to 24 h. The initial decay of the photocathode
under neutral condition is still under investigation. Hydrogen
generation was confirmed by gas chromatography, which
showed a high current to H2 conversion recovery efficiency
(Faradaic efficiency) of 93−97% (Table S1). For the condition
with a 0.8 V bias, the energy efficiency was defined as a ratio of
recovered energy in H2 to the input electrical energy. Both
photoelectrodes obtained an energy efficiency of 178−180%
(Table S1), indicating that MPES gained almost twice energy
(H2 energy) as much as the consumed electrical energy.

Figure 3. Photocurrent density versus time of MPES without and with
external bias. (a) Comparison of photocurrent densities of MPESs
with two photoelectrodes upon on/off 1 sun illuminations (100 mW/
cm2) under self-sustaining condition (0 bias) or (b) 0.2−0.8 V bias in
pH 7 buffer solution. Abiotic anode shares the same electrode as biotic
anode but without bacteria on it.

Figure 4. Stability test of current production in MPES. 24-h
photocurrent density versus time curves of MPESs with two
photoelectrodes at 0 and 0.8 V bias in pH 7 buffer solution under 1
sun (100 mW/cm2) illumination.
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Prospects and Challenges. The incorporation of micro-
bial electrochemical oxidation significantly reduces the
thermodynamic requirement for the oxidation half-reaction
and electron generation potential. This greatly expands the
range of semiconductors that can be used for H2 generation
from water-splitting despite smaller band-gaps or Ecb positions.
Moreover, new semiconductors can be developed with more
negative Ecb but with a similar band gap, which will lead to
higher potential for reduction reactions in MPES with visible
light absorption.
The proof-of-concept MPES with mixed culture bioanode

and GaInP2−TiO2−MoSx photocathode showed comparable
photocurrent density generation (0.42 mA/cm2) with the
performance obtained in traditional unassisted PEC cells with
two wired electrodes (0.02−0.7 mA/cm2, Table 1). The key
challenges for coupling two separate photocathodes and
photoanodes are that both electrodes should have (1)
appropriate band edge position, (2) high charge separation
efficiency, (3) prolonged stability, and (4) ideally coupled
photocurrent density. Typically, even with a single semi-
conductor it is difficult to achieve all of the above requirements,
so having two electrodes with matched current density and
optimized properties is extremely difficult. While a few tandem
PEC cells with multijunction configurations have displayed
higher performance, the crystallinity of the semiconductor with
suitable band energetics, the interfacial electronic properties in
the heterojunction, and the absorption properties of each
material need to be considered carefully in the design. Thus,
the fabrication complexity and stability are still critical
challenges for these devices, which also lead to high cost.39

Our MPES showed a 24 h long-term stability for photocurrent
generation, which is more durable than other self-sustaining
PEC cells (∼10 h). Previous results from our and other
laboratories showed that bioanodes can be stable for years with
minimal performance drop. The carbon fiber brush anode used
here has a cost of only ∼$0.05/m2-surface area based on a
recent quote and web site information,40 which is negligible
compared to the cost of regular semiconductor photoelectrode
material silicon panels (cost ≈ $400/m2).
MPES demonstrates good potential for efficient water-

splitting with low cost and high stability, and further
advancements can be focused on photocurrent generation,
especially under self-sustaining conditions. The individual
photocathode and bioanode current−potential properties can

be characterized independently, and with that the intersection
of the two J−V curves at the maximum current density can be
achieved under self-sustaining conditions (Figure S6). As
shown in Figure S6, the photocathode and bioanode cross at
−0.6 V (vs Ag/AgCl). Endeavors will be made to induce a
negative shift of the bioanode J−V curve and a positive shift of
the photocathode J−V curve so current generation at each
electrode can be enhanced at the current intersection position.
The bioanode surface area can be increased to harvest more
electrons, while semiconductor materials and substrates can be
optimized to improve onset potentials. The charge recombina-
tion rate can be reduced and the interfacial charge transfer can
be increased by utilization of higher efficiency catalysts with
higher charge transfer kinetics. Covering the cathode surface
with a thin oxide protect layer to reduce surface recombination,
and the use of capacitors to boost bioanode potential can also
be adopted.30,41−43 While an abundant hydrogen reaction
evolution (HRE) catalyst MoSx was used here to replace the
noble metal catalyst Pt/Ru, a low-cost semiconductor, such as
nanostructured Si, with a protective layer is currently under
investigation for possible coupling to our MPES electrodes for
the real wastewater treatment and fuel generation purposes. In
addition, two-chamber configuration of MPES with highly
efficient membrane separator can be adopted in future to
relieve the impact of contaminants in real wastewaters on
photocathode.
Sole abiotic PEC technologies laid out a grant vision that one

only needs free sunlight and clean water to generate enough
energy for household self-use. Unfortunately, the process has
been hindered by the performance of the anodic half reaction
which in many cases did not match with the performance in the
cathodic reaction. The MPES system enables the decoupling of
the anodic reaction from oxygen evolution and instead
accessing hundreds and thousands of organic oxidations that
could be utilized to lower the overall energy requirement.
Moreover, one associated challenge not mentioned in most
artificial water splitting discussions is that many communities
(nearly 3 billion people or 40% of world population) do not
have access to clean water or sanitation. In this regard,
wastewater energy processes such as MPES can provide many
mutual benefits, because not only can some sanitation issues be
addressed but also the autonomy of artificial photosynthesis can
be realized by taking advantage of the energy recovered from
household wastewater.

Table 1. Self-Sustaining Photoelectrochemical Systems for Water-Splittinga

light absorber current density (mA/cm2) stability (hour) reference

GaInP2/GaAs tandem solar cell 120 (12 sun) 0.5 9
triple-junction amorphous silicon 3.5 0.5 44
Fe2O3/DSSC tandem 0.95 10 16
WO3/DSSC tandem 2.52
BiVO4/WO3/DSSC tandem 4.5 2 17
P−InGaN/p-GaN−InGaN/n-GaN/n-Si nanowire tandem 0.1 45
p-Cu−Ti−O nanotube with n-TiO2 0.25 11
P−Si with n-WO3/W 0.12 0.1 46
ZnxCd1−xSe with n-BiVO4 0.02 (1.2 sun) 0.1 47
p-Cu2O/Cu2S with n-ZnO/CdS 0.4 1.5 48
p-Si with n-Fe2O3 0.7 10 10
p-Si with n-BiVO4 0.6 3.5 49
P−Si nanowire with n-TiO2 nanorod 0.4 1.5 12
bioanode with GaInP2−TiO2−MoSx 0.42 24 This study

a1 sun illumination except note.
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