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A bio-photoelectrochemical cell with a bioanode and a MoS3/SiNW photocathode is
successfully constructed for hydrogen production under visible light illumination
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Abstract

Hydrogen production by solar energy conversion is an attractive and promising
sustainable energy technology. Tremendous research effort has been directed towards
the development and application of photoelectrochemical cell for hydrogen generation.
Here, we report a novel bio-photoelectrochemical cell, which is consisted of a MoSs
modified p-type Si nanowire photocathode and a microbially-catalyzed bioanode, for
hydrogen production under visible light illumination. Microbial pollutant oxidation
occurs spontaneously in the bioanode, which provides sufficient electrons for the
photocathode reaction without external bias. The recombination of the photogenerated
holes (hvw") and electrons (ecv’) pairs at the photocathode is retarded by the supply of
electrons from the bioanode, leaving more available photogenerated electrons for
hydrogen evolution reactions. As a result, the hydrogen production performance is
improved. Under light illumination, hydrogen is continuously produced from the
bio-photoelectrochemical cell, with a maximum power density of 71 mW m™ and an

average hydrogen-producing rate of 7.5+0.3 umol h'! cm™.
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Broader context

Here, a new concept bio-photoelectrochemical cell is constructed for hydrogen
production, which is composed of a MoS3 modified silicon nanowire photocathode
and a microbially-catalyzed bioanode. The results provide solid evidence that the
electrons coming from microbes could be used as an efficient reducing agent for the
semiconductor photocathode. The recombination of the photogenerated holes and
electrons at the photocathode is retarded by the supply of electrons from the bioanode,
and thus the hydrogen production performance is improved. Such a
bio-photoelectrochemical cell can be used for a wide range of processes, such as

pollutant degradation and hydrogen production, and deserves further investigations.
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Introduction

Photoelectrochemical water splitting has attracted great interests as an effective way
of converting sunlight into chemical energy in the form of hydrogen, which is a clean
alternative to fossil fuel.!”> Especially, extensive research efforts have been directed
towards the development of photoelectrochemical cells for hydrogen generation with
semiconductor photocathodes.® 7 Nevertheless, in such systems, a larger bias is often
used to overcome the overpotentials associated with the hydrogen and oxygen
evolution reaction.”” It has been reported that splitting water into oxygen and
hydrogen could be achieved without applying an external voltage through combining
a n-type semiconductor photoanode and a p-type semiconductor photcathode under
UV or visible light illumination.'® ' However, due to the high material costs and the
shortage of suitable semiconductors, so far limited progress has been made on this
aspect.

Bioelectrochemical systems are effective for the production of energy and
value-added products such as fuels and chemicals.!*!* In a bioelectrochemical system,
bacteria oxidize organic substrates and deliver the released electrons from bacterial
cells to anode, and then the electrons are conducted through the external circuit to the
cathode.!” At cathode, protons, carbon dioxide or acetate are reduced to hydrogen
peroxide, hydrogen, methane or ethanol by electrons, but an external voltage is
typically needed to overcome the thermodynamic barrier.'®!® This has greatly
constrained its development and practical application. Solar energy can sever as a
substitute. However, the question remains whether a semiconductor is used as cathode,

and the electrons generated from bioanode can be combined with the generated holes
4
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to promote photocathode performance under light illumination spontaneously. A
previous study reported that a system coupling a bioanode with a Cu20 photocathode
only gave a low level of current and no hydrogen production was obtained. ?* Thus,
investigations into how to couple the bioanode and photocathode efficiently with
appropriate photocatalysts for hydrogen production are highly desired.

Silicon is the most abundant semiconductor and widely used in photovoltaic
devices, and has high visible-light-absorption capability.?!:?? It is a promising material
for photocathode in a photoelectrochemical system for hydrogen production.?
However, to achieve a high production efficiency, co-catalysts for the hydrogen
evolution reaction (HER) are required. In this context, noble metals like platinum (Pt)
are usually used because of their high activity for HER, but their high costs and
scarcity have hindered their practical applications.>* Thus, abundant
non-precious-metal alternatives are highly desired. Previous studies have
demonstrated that MoS2 and Mo3S4 clusters could serve as an efficient co-catalyst to
catalyze the HER at a photocathode.?> 2® In the present study, a cost-effective HER
photocathode was prepared through depositing amorphous MoS3 onto silicon
nanowire (SiNW) electrode, and the amorphous MoS3 was found to act as an efficient,
robust and earth-abundant co-catalyst of SINW to catalyze the HER.

In this paper, we report a new self-sustained bio-photoelectrochemical cell
(BPEC) (Figure S1 in the Supporting Information), which is composed of a MoS3
modified SINW (MoS3/SiNW) photocathode and a microbially-catalyzed bioanode,

for hydrogen production. The results may be useful for designing new systems for
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hydrogen production from solar energy.

Materials and methods

Electrode preparation. SiINW was fabricated by a metal-catalyzed electroless
etching of bulk Si samples.?’ Single-crystal B-doped silicon (100) wafers (projected
surface area 6 cm?, thickness 0.6 mm, resistivity 0.005-0.05 Q cm) was degreased by
rinsing with acetone, ethanol and deionized water in sequence. After that, the Si
surface was immersed into a piranha solution (1:3 v/v 30% H20:2: concentrated H2SO4)
for 10 min and then immersed into 5% HF for 2 min to strip off the silicon oxide on
the surface. For metal-catalyzed electroless etching, the Si sample was immersed in
0.02 M AgNOs and 3.6 M HF for 60 min. Then, the Si sample was immersed in
diluted HNO3 for 1 h to remove residual Ag seed. Prior to MoSs deposition, the
Si-NW electrodes were cleaned by 5 wt% HF solution to remove the SiOz layer. The
obtained H-terminated Si electrode was rinsed with pure water and transferred into the

photoelectrochemical cell for further experiments.

Deposition of MoS3: Deposition was performed according to the work of Merki et
al.?® The electrolyte was composed of 2 mM (NH4)2(MoS4) and 0.1 M NaClO4. Thirty
consecutive cycles of CV were carried out on a CHI660C electrochemical workstation
(Chenhua Instrument Co., China) with a Ag/AgCl reference electrode (0.2 V vs SHE,
Wuhan Gaoss Union Sci. Instru. Co., China) and a Pt wire counter electrode. The CV

was performed with potential from +0.1 to -1.0 V vs. Ag/AgCl at a scan rate of 0.05
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V s'l. Then, the modified electrode was thoroughly rinsed with distilled water and
used as the photoelectrode. The conduction band of B-Si wafer is around -0.21 eV,
and that of MoSsis about -1.12 eV (determined from UV-visible absorption spectra

and Mott-Schottky plots).

Reactor construction and operation. In this study, a double-chamber BPEC with a
working volume of 215 mL was used for the tests (Figure S1). The anode chamber
and the cathode chamber were made of glass and quartz glass, respectively, and the
two chambers were separated by a 6.6 cm’ anion exchange membrane (Ultrex
AMI7001, Membranes International Inc., US). The anodic chamber was filled with
granular graphite of 3-5 mm size (Beijing Sanye Carbon Co., China), which was used
as anode. Graphite felt (16 cm?, without wet proofing, Beijing Sanye Carbon Co.,
China) was used in the anodic compartments to connect electrode to the external
circuit. All the graphite granules were washed at least three times with distilled water
before being immersed overnight in 1 M NaOH and 1 M HCl in turn. Afterwards, the
granules were washed three times with distilled water. During the cultivation of
electrochemically active bacteria in the bioanode, the carbon felt without wet proofing
was initially used as the cathode (with a projected surface area of 16 cm?). The
cathode compartment (50 mM phosphate buffer solution, pH 7.0) was continuously
sparged with air in experiments where oxygen was used as the electron acceptor. After
the output voltage reached above 300 mV (with an external resistance of 500 Q) and

became stabilized (Figure S2 in the Supporting Information shows the variations of
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voltage during the long-term operation and the polarization curves), the bioanode was
used to couple with the photocathode of the BPEC. Then, the cathode electrode was
replaced by the MoS3 modified SINW electrode, and the catholyte was changed to a
solution mixture of H2SO4 +0.5 M K2SO4 (pH 1.0) for hydrogen production.

The anode chamber of BPEC was continuously fed with substrate in an upflow
mode through a peristaltic pump (Lange Co., China). The influent flow rate was 20
mL h'!. The substrate was consisted of (in 1 L of 50 mM phosphate buffer solution,
pH 7.0): CH3COONa-3H:0, 1400 mg; NH4Cl, 310 mg; KCI, 130 mg; CaClz, 10 mg;
MgCl2-6H20, 20 mg; NaCl, 2 mg; FeClz, 5 mg; CoCl2-2H20, 1 mg; MnCl2-4H:0, 1
mg; AlICl3, 0.5 mg; (NH4)6M07024, 3 mg; H3BO3, 1 mg; NiCl2-6H20, 0.1 mg;
CuS04:5H20, 1 mg; ZnCl2, 1 mg.

The anaerobic microorganisms for the BPEC inoculation were collected from a
full-scale upflow anaerobic sludge blanket reactor in Bengbu City, China. After
acclimation, appropriate electrochemically active bacteria on the electrode would be
selected as reported previously,?? evidenced by the SEM images of the anode-attached

microorganisms (Figure S3 in the Supplementary Information).

Photoelectrochemical measurement. In order to evaluate the photocathode
performance, the response of current to potential under illumination was measured by
using a three electrode cell with the photocathode as the working electrode, a Pt wire
counter electrode and a Ag/AgCl reference electrode. To measure the response of

current to potential under continuous illumination, a much higher scan rate of 100
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mV/s was adopted to obtain the photocurrent profiles as a function of potential.
However, in the tests under chopped illumination, manual shielding/unshielding
of light was adopted, which necessitates a relatively long scanning time. In this case, a
moderate scan rate of 10 mV/s was chosen to better show the variation of light
response.

Linear sweep voltammetry was used to obtain the polarization curves using a
CHI660C electrochemical workstation (Chenhua Instrument Co., China) in one
typical cycle at a scan rate of 1 mV s71.3° The polarization curves of the BPEC were
measured in a two electrode system, where the anode served as the working electrode
and the cathode as the counter and reference electrodes. The voltage and power were
obtained as a function of current density, and normalized to the photocathode area.

The output voltage of the BPEC across an external resistor (V) was measured
and recorded using a data acquisition system (Agilent 34970A, Agilent Co., USA)
connected to a computer. The current () was calculated according to Ohm’s law, | =
V/R, where R is the external resistance. The power (P) was calculated from P=IxV.

The H2SO4 +0.5 M K2SO4 (pH 1.0) aqueous solution was used as electrolyte for
photoelectrochemical measurements. A 350 W Xe lamp (PLS-SXE-300UV, Beijing
Trusttech Co., China) with a 420 nm cut-off filter were used as a visible-light source
(The intensity of light was about 120 W/m?). The amount of evolved H> was
determined by gas chromatography (SP-6890, Lunan Co., China). The total hydrogen
amount produced was calculated by multiplying the hydrogen content in 1-mL gas

sample with the headspace volume of the BPEC cathode chamber (75 mL). The
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charge balance was calculated based on the total amount ofelectrons from the
external electric circuit and the amount required by the cathode for hydrogen

production.

Cathode characterization. The morphology of the cathode samples was imaged with
scanning electronic microscopy (SEM, Sirion200, FEI Ltd., UK). X-ray photoelectron
spectroscopy (XPS) measurement was applied to determine the surface composition
using an ESCALAB 250 instrument (Thermo Fisher Scientific Inc, USA). The XPS

spectra were analyzed and fitted using curve-fitting software (XPSPEAK v4.0).

Results and discussion

Preparation and characterization of MoSs/SINW photoelectrode. Figure 1A
shows a typical SEM image of the SINW array fabricated through metal-assisted
chemical etching of p-type Si (100). The images show that the surface of the Si
electrode was covered by dense and well-aligned nanowires with uniform distribution,
similar to those described previously.?!*?” Figure 1B illustrates the SEM images of a
MoSs-modified SiNW electrode produced using cyclic voltammetry. The MoSs
particles clustered together at the surface of SINW electrode, and made the surface
rough. XPS analysis was used to collect more information concerning the structure
and chemical states of the electrodeposited MoSs. The characteristic peaks of Mo, S,
Si and O were observed in the XPS spectrum (Figure S4 in the Supporting

10
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Information). The binding energy of Mo 3d in the electrode was 229.4 eV, confirming

that the Mo ion was in +4 oxidation state. The Mo 3d signal shows the characteristic

doublet of Mo 3d° and Mo 3d° at binding energies of 229.4 and 232.6 eV, respectively.

The binding energies of the Mo atom in the electrode were identical to those of a
thermally prepared MoS3 sample.?! The contribution of the S 2s, at a binding energy
of 226.6 eV, was obvious on the low binding energy side of the Mo 3d signal (Figure
1C). The S 2p spectrum in Figure 1D shows two peaks with S 2p energies of 162.4
and 163.5 eV, suggesting the presence of both S* and S:*" ligands.?® The peak at
162.4 eV was likely to be the sulfur ions, and another with a higher binding energy
should be attributed to S>> ions.*! The binding energies of the S atom in the electrode

were similar to those of amorphous MoS3.3

Photoelectrocatalytic activity of MoS3/SiNW photoelectrode. The catalytic activity
of the modified electrode was evaluated in the solution of H2SO4 + 0.5 M K2SO4 (pH
1.0). Figure 2A shows the linear sweep voltammagrams recorded from the
photocathode in the dark and under visible light. Almost no current could be produced
in the dark, while the electrode exhibited a photocurrent up to 1.5 mA cm™? at -0.2 V
(vs  Ag/AgCl) under light illumination. The electrode was highly
photoelectrochemically active (Figure 2B). Notably, the onset potential of the
photoelectrode reached approximately +0.10 V vs Ag/AgCl under light illumination,
which was more positive than that of the SINW without MoSs catalyst.?> %’ Different
scanning rates were adopted to measure the response of current to potential under

11
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continuous and chopped light illuminations. Such a difference in scanning rate
resulted in the different photocurrents in Figure 2a and b. The results indicate that,
MoSs could be used as an efficient co-catalyst of the SINW arrays to accelerate the
HER. Furthermore, the catalyst was also stable after illumination, evidenced by the
CV of the MoS3-SiNW electrode in dark and light (Figure S5).

Effect of illumination on cell performance. To evaluate the influence of
illumination on the BPEC performance, the BPEC voltage across a 52.4 ohm resistor
and the cathode potential were recorded at 1 s interval (Figure 3). During the 4000 s
of light and dark cycles, both voltage generation and cathode potential increased
under light and decreased in the dark. The voltage loss would occur due to the
presence of the internal resistance. Since the anode chamber was operated in a
continuous mode at a constant flow rate, the bioanode potential of BPEC was
relatively stable. Thus, the variation of power production was caused by a varied
potential of the cathode.

Furthermore, the effect of illumination on the power output in BPEC was
examined. As shown in Figure S6, the maximum current density of the bioanode was
much higher than that of the photocathode. This indicates that the number of electrons
transferred from the bioanode was much more than the number of the photogenerated
holes at the cathode, suggesting that bioanode could ensure an appropriate level of
electrons for the cathode reaction. Figure 4 shows the power density curves of the
BPEC operated under illumination and in the dark. The maximum power density
reached 71 mW m™ with a current density of 0.69 A m™ under light illumination,

12
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implying that the electricity could be readily generated from the BPEC under

1llumination.

Electricity generation and hydrogen production. In the hydrogen-producing
experiments, the two chambers were purged with N2 to ensure the anaerobic
conditions and then sealed, and the gas composition was monitored in the whole
cycles. No oxygen was detected in any gas samples, and hydrogen was continuously
produced in the cathode chamber. The electricity was produced when the electrons
from the bioanode migrated through the external circuit to combine with the
photogenerated holes of the photocathode. As illustrated in Figure 5A, current was
generated in response to light. Meanwhile, the produced hydrogen increased almost

linearly over time under illumination (Figure 5B). The average hydrogen-producing

rate reached 7.5+0.3 umol h'! cm™ (normalized to the cathode area) in the three cycles.

For comparison, under open circuit conditions, the hydrogen production rate was
significantly reduced to 2.240.1 pmol h™'. On the other hand, in the dark, the current
and hydrogen production was negligible. These results indicate that light illumination
was essential for the current and hydrogen generation in such a cell, and the bioanode
and photocathode could work synergetically to promote the electricity and hydrogen

production.

Discussion

13
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Although a system coupling a bioanode with a Cu20O photocathode was
constructed in a previous work,!” we have, for the first time, provided experimental
evidence about the successful operation of a self-sustained BPEC with a
MoSs-modified SINW electrode for spontaneous hydrogen and electricity generation
under visible light illumination. The experimental results clearly demonstrate that
electricity generation and hydrogen production could be achieved in a self-bias BPEC
with a microbial anode and a specifically designed photocathode. In this BPEC, two
half-reactions are involved (Figure 6): the organics oxidized by the microorganisms in

the anode (Reaction 1) and proton reduction in the cathode (Reactions 2-4).

CH;COO" + 2Ha20 — 2C02+ 7TH* + 8¢ (1)
MoS3/SiNW + hv — hy" + ecb” (2)

e +hw" —hv’ 3)
2H" + 2ec” — Ho “4)

The oxidation of organics by the microorganisms in the bioanode (Reaction 1)
occurs spontaneously, which provides sufficient electrons to continuously transport to
the cathode through the external circuit without external bias.>* At the photocathode,
hw" and ecv™ are produced under illumination (Reaction 2). The electrons coming from
Reaction 1 are captured by the holes in the valence band of the photocathode
(Reaction 3). As a result, the recombination of photogenerated carriers is efficiently
reduced. The photocatalytic efficiency and hydrogen production attributed to the

reduction of protons by e« are greatly improved (Reaction 4).

14
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The above reactions are affected by each other. For example, the electrons
coming from Reaction 1 can greatly accelerate Reaction 4. However, if Reaction 2
does not occur (e.g., in the dark), the electrons from Reaction 1 could not be
transferred to the photocathode, and there would be no power output and less
hydrogen production in the cell. The photo-excited electrons are immediately
combined with the protons, while the holes are trapped by the electrons supplied from
the bioanode. Thus, the photo-generated electrons and holes are efficiently dissociated,
and the photocatalytic efficiency and hydrogen production can be greatly improved.
In this case, the electrons from the bioanode could serve as an efficient reducing agent
for the hydrogen-producing photocathode.

In order to transfer the electrons from the bioanode to the photocathode
effectively, the cathode potential must be higher than the anode potential. The proton
reduction in the SINW electrode has a very low redox potential and high overpotential,
as reported previously.?32”-3* Thus, the use of protons as electron acceptor would
result in a very low voltage production. However, in the presence of MoSs on the
SINW surface, the onset potential was greatly enhanced and the overpotential for
hydrogen generation was significantly reduced. As a result, continuous hydrogen
generation from the BPEC was achieved. Therefore, the reduction overpotential of
HER on the electrode surface could be further reduced through electrode preparation
and modification, which would lead to more efficient energy production.

In addition, in the 4000-s light and dark cycles (Figure S7), the voltage
generation of a control system with the abiotic-anode and photocathode also increased

15
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under light and decreased in the dark. However, compared with the BPEC, its
voltages were much smaller. This result clearly indicates that both the microbial
anode and photocathode were indispensable. The synergetic functions of the microbial
anode and photocathode in our system should be taken into account. In the BPEC, a
low pH of the catholyte was applied in order to increase the cathode potential. Thus,
an acidic catholyte was beneficial for elevating the current and increasing the
combination of the anode-derived electrons with the photo-generated holes. As a
consequence, an efficient hydrogen production at the cathode of the BPEC was
achieved in our system. Thus, to ensure stable hydrogen production in the BPEC
system, a relatively acidic catholyte pH should be maintained. The BPEC could also
be used for treating acidic wastewaters (e.g., from mining industry) at the cathode
chamber. The low pH and usually high conductivity of such streams might favor a
good cathode performance of the BPEC. These strategies might make the BPEC
process sustainable, although the true performances of such systems are still to be
experimentally evaluated.

Aside from net energy production, the BPEC also has advantages in term of costs
than conventional photoelectrochemical systems. Because of the use of bioanode in
the BPEC, an external bias and use of Pt catalyst at the anode that is essential in
conventional photoelectrochemical cell can be avoided. Moreover, the low-cost
MoSs3/SiNW photocathode, instead of conventional semiconductors and Pt, was used
for reduction of proton to hydrogen. As a result, the hydrogen-production cell is
cost-effective, energy-saving and environmentally friendly, compared with the

16
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conventional photoelectrochemical systems.’ ¢ In addition, because of the diversity
of the microbial communities in the anode, various types of substrates, including
wastewater, pollutants and lignocellulosic biomass, could be used for substrate to
produce electrons.?” Thus, the BPEC can be used for a wide range of processes such

as pollutant degradation and fuel production, and it deserves further investigations.
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Figure captions

Fig. 1 (A) SEM image of the SINW electrode fabricated by metal-catalyzed chemical
etching; (B) SEM image of the MoS3/SINW electrode; (C and D) XPS
spectra of the MoS3-modified electrode (C: Mo 3d and S 2s region; D: S 2p
region)

Fig. 2 (A) Linear sweep voltammagrams of the MoS3/SiNW electrode, the scan rate
was 100 mV s; (B) The transient current responses to on-off cycles of
illumination on photocathodes at applied potentials from -0.2 to 0.2 V vs
Ag/AgCl with Pt as the counter electrode, the scan rate was 10 mV s™!

Fig. 3 Performance of the light-induced BPEC (52.4 Q of resistor) and photocathode
potential change under chopped light illumination

Fig. 4 Polarization (dash line) and power density (solid line) curves of the BPEC in
dark (blue curve) and light (red curve), respectively. Polarization curves
were determined by performing linear sweep voltammetry with a
two-electrode system in one typical cycle. The scan rate was 1 mV s

Fig. 5 Current (A) and hydrogen production (B) of the BPEC (across 52.4 Q resistor)
in dark and light.

Fig. 6 Working principle of the BPEC
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