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Cost-effective catalysts are the key to the successful
deployment of microbial electrolysis cells (MECs) for
hydrogen production from organic wastes. Herein, we
report a novel catalyst for hydrogen evolution in MECs
based on a 3D hybrid of layered MoS,/nitrogen-doped
graphene nanosheet aerogels (3D MoS,/N-GAs) that were
prepared by a facile hydrothermal approach. A high output
current density of 0.36 mA cm > with a hydrogen
production rate of 0.19 m* H, m~> d”' was achieved for the
hybrid at a 0.8 V bias, significantly higher than that of
MoS; nanosheets and N-GAs alone and comparable to that
of the Pt/C catalyst when being applied in MECs. The
outstanding performance of the hybrid benefits from its 3D
conductive networks, porous structure, and strong synergic
effects between MoS, nanosheets and N-GAs, making it a
promising catalyst for hydrogen production from
wastewater through bio-electrochemical reactions.

Microbial electrolysis cells (MECs) are a bio-electrochemical device
in which electrogenic bacteria oxidize organic matters and transfer
the generated electrons to a cathode to reduce protons for hydrogen
production.® The energy barrier of proton reduction needs to be
overcome with the aid of a catalyst, and the Pt-based materials have
been the most effective cathode catalysts for MECs;’ however, high
cost and low-abundance hinder the use of Pt catalysts for developing
large-scale MEC systems. It is thus attractive to develop cost-
effective alternatives that are suitable for MECs; a few successful
examples are bulk MoS,, N-Fe/Fe3C@C,3 stainless steel,” nickel
alloys,'® and carbon felt'' materials. Recently, layer-structured MoS,
has attracted significant interest due to their unique two-dimensional
(2D) structure and excellent electrocatalytic activity for hydrogen
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production.® > It has been considered as a promising alternative
for Pt-based catalysts. However, poor intrinsic conductivity of MoS,
limits the overall electrocatalytic performance.' '® The most
effective pathway to address the above issues is to combine layered
MoS, with 2D graphene or its derivatives.'” '® Within the graphene
family, nitrogen-doped graphene (NG) is one of the promising
candidates because of its excellent electrical conductivity, high
chemical stability, and moderate catalytic activity for hydrogen
evolution.'” 2° More importantly, the matching layer structure
between layered MoS, and NG not only increases the contact area
for efficient charge transfer across the interface, but also shortens the
charge transport time and distance,’ thereby improving the
electrocatalytic activity.

Because the properties of catalysts are dependent on both their
composition and structures, the assembly of 2D nanosheets into 3D
framework architectures may open up new opportunities for further
enhancing catalytic properties because of their rich porosity, large
surface area, and excellent network structures compared with 1D or
2D materials.”>** Graphene-based aerogels are highly porous 3D
carbon material with an interconnected structure, large open pores,
and good electrical conductivity that have wide applications in many
fields such as batteries and catalysis.”> 2® Thus, it is anticipated that
using graphene-based aerogels as a loading matrix would improve
the activity of the embedded electrocatalysts. To the best of our
knowledge, there has been no report on controllable synthesis of 3D
layered MoS,/NG nanosheet aerogels (3D MoS,/N-GAs) as a
catalyst for hydrogen production in MECs.

Herein, we report for the first time a facile approach to
synthesizing a novel 3D MoS,/N-GAs hybrid as an active
electrocatalyst for hydrogen production in MECs. Benefiting from
its large surface area, porous structure, and high electrical
conductivity, this hybrid exhibits significantly enhanced catalytic
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activity for bio-electrochemical hydrogen evolution that outperforms
both bare MoS; nanosheets (MoS,-NS) and N-GAs alone.

Scheme 1 illustrates the preparation procedure for the 3D
MoS,/N-GAs hybrid. First, MoS,-NS was fabricated through a
liquid exfoliation process using layered MoS, as the precursor.
Subsequently, the resulting MoS,-NS was mixed with graphene
oxide (GO) and ammonia dispersions, and then the ternary mixture
were hydrothermally assembled to form a 3D MoS,/N-GAs hybrid
(details in the Experimental Section). In this way, the MoS,-NS was
encapsulated and anchored on graphene nanosheets with the
simultaneous reduction of GO and the incorporation of nitrogen
species into the graphene framework.

Figure la shows a digital image of the monolithic 3D MoS,/N-
GAs hybrid. The morphology of the 3D hybrid architecture is similar
to those reported for graphene and GO aerogels.”” A typical field
emission scanning electron microscopy (FESEM) image of N-GAs
shows that a well defined and interconnected 3D porous N-GAs
network with continuous macropores of several-hundred nanometers
in diameter was clearly discerned (Figure 1b). The porous networks
would favor mass transfer and reduce transport limitation of
electrolyte at the cathode. After the formation of 3D MoS,/N-GAs
architecture, the thin and rigid MoS,-NS was grown within the N-
GAs networks (Figure 1c), which can efficiently prevent the
aggregation and restacking of MoS,-NS; no apparent aggregates
appeared. Since the graphene-like morphology of the 3D MoS,/N-
GAs hybrid makes it difficult to distinguish MoS,-NS and N-GAs,
energy dispersive X-ray (EDX) spectroscopy was carried out (Inset
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of Figure 1c). The results revealed that main elements of the hybrid
are Mo, S, C, N and O, which further confirms the formation of
MoS,-NS inside the 3D N-GAs network. The content of MoS,-NS
(29.0 wt.%) in the 3D MoS,/N-GAs hybrid was confirmed by
thermogravimetric analysis (TGA) (Figure S1).

Further insights into the morphology of the hybrid were obtained
from transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images. The 3D MoS,/N-GAs hybrid displayed a
laminar structured MoS, (black stripes) dispersed on the surface of
the crumpled NG sheets (Figure 1d). The corresponding selected
area electron diffraction (SAED) pattern presented several
diffraction rings, which can be well indexed to the planes of
hexagonal-phase MoS, and N-GAs sheets (Inset of Figure 1¢).>' The
HRTEM images of the hybrid show that the layered MoS, (4-7
layers) with a lattice spacing of 0.63 nm was dispersed on the
surface of the N-GAs sheets (Figure le and 1f). Atomic force
microscopy (AFM) indicated that the MoS, had a 2D nanosheet
structure and the typical thickness was about 5.83 nm, which agrees
well with the 9-layer MoS,-NS (Figure S2).** In addition, the
thickness of the N-GAs nanosheets was about 1 nm, which
corresponds to 3 layers of graphene based on the theoretical
thickness of a single-layer of graphene (~0.34 nm). Importantly, the
HRTEM image also shows a distinguished and coherent interface
between the MoS,-NS and N-GAs (Figure 1f), indicating that an
intimate contact might be formed, which could result in more
efficient electron transfer within the hybrid and improve the overall
catalytic activity for MECs.
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Scheme 1. Schematic illustration of the synthesis process of 3D MoS,/N-GAs.
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Figure 1. Photograph of 3D MoS,/N-GAs (a). FESEM images of N-GAs (b) and 3D MoS,/N-GAs (c). The inset of (b) shows the high
magnification FESEM image of N-GAs; Inset in (c): the corresponding EDX spectrum of 3D MoS,/N-GAs. (d-f) TEM and HRTEM images
of 3D MoS,/N-GAs. Inset in (e) is the corresponding SAED pattern. Inset in (f) shows the lattice spacing of 3D MoS,/N-GAs.

The XRD patterns of the 3D MoS,/N-GAs hybrid (Figure S3)
indicate that the GO has been reduced to NG nanosheets after the
hydrothermal treatment and that the MoS,-NS was in the form of
hexagonal crystal structures (JCPDS 37-1492). The results
confirmed the co-existence of MoS,-NS and N-GAs. X-ray
photoelectron spectroscopy (XPS) revealed the presence of Mo, S,
C, N, and O elements in the 3D MoS,/N-GAs hybrid with a Mo/S
atomic ratio of ~1:2, which is in good agreement with the theoretical
value of MoS, (Figure S4a). The Mo 3d and S 2p spectra can be
fitted by two spin-orbit doublets characteristic of Mo*" and S%,
respectively (Figure S4b and S4c).?' For the high-resolution XPS
spectrum of N 1s (Figure S5), it is difficult to distinguish the N 1s
signal from N-doping or the presence of MoS, because the N 1s peak
overlapped with the strong Mo 2p;,, signal. However, the N 1s peak
can be clearly observed from the 3D hybrid without MoS,-NS
loading (Figure S6). Considering that the presence of MoS, has
almost no effect on N-doping during the hydrothermal process,” one
can draw the conclusion that the N-atoms has been successfully
incorporated into the 3D MoS,/N-GAs hybrid. In addition, the
results of the C 1s XPS spectrum confirmed the reduction of GO and
the successful nitrogen doping in the 3D hybrid (Figure S7). Raman
spectra show that the 3D MoS,/N-GAs hybrid has two distinct bands
at 378 and 403 cm', which belong to the Ey, and A, modes of

This journal is © The Royal Society of Chemistry 2013

MoS,, respectively (Figure S8).° The characteristic disorder-
induced D and graphitic-G bands of graphene are observed at 1,334
and 1,591 cm™', respectively, indicating the presence of graphene in
the hybrid. The apparent increase in the Ip/Ig ratios from GO (0.99)
to the 3D MoS,/N-GAs hybrid (1.03) confirms the successful
conversion of GO to N-GAs with more disorderly stacked graphene
sheets.>! Moreover, the downshift of the G peak from GO (1,604
em ') to RGO (1,599 cm™') can be attributed to the restoration of the
conjugated structure.’? The further downshift of the G peak in the 3D
MoSy/N-GAs hybrid (1,591 c¢m ') may be related to the
incorporation of N heteroatoms.” Previous studies showed that the
substitution of carbon atoms with nitrogen could cause n-type
doping, resulting in the down-shift of the G band.** The above
results provide evidence for the incorporation of N atoms into
graphene. The nitrogen adsorption-desorption isotherm (Figure S9)
of the 3D MoS,/N-GAs hybrid indicates that it possesses a typical
mesoporous structure and that the Brunauer—Emmett-Teller (BET)
surface area is about 43 m”> g™, with an average pore size of 71 nm,
which is essential for diffusion of the electrolyte and increasing
contact between the electrolyte and the catalyst.*®

The electrocatalytic activity of the 3D MoS,/N-GAs hybrid toward
the hydrogen evolution reaction (HER) was investigated in neutral
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media (100 mM phosphate buffer solution (PBS)) by linear sweep
voltammetry using a three-electrode setup (Figure 2a). The 3D
MoS,/N-GAs hybrid exhibited a small onset overpotential of 236
mV toward the HER (all electrochemical potentials reported herein
are relative to a reversible hydrogen electrode (RHE)), beyond which
the cathodic current rose rapidly under more negative potentials. In
contrast, both MoS,-NS and N-GAs showed much less HER activity,
with onset potentials of 337 and 495 mV, respectively, indicating
that both the 3D N-GAs and MoS,-NS are important to enhance the
electrocatalytic activity for the HER. Additionally, the hybrid
exhibited a high current density of 40.7 mA cm ” at -0.4 V, which
was much higher than that observed for MoS,-NS (11.4 mA cm )
and N-GAs (4.9 mA cm ), although it was lower than commercial
Pt/C catalyst (10% Pt on Vulcan XC-72) at the same potential.
Moreover, the overpotentials required for the 3D MoS,/N-GAs
hybrid to produce cathodic current densities of 10 and 5 mA cm 2
were 261 and 167 mV, respectively. These overpotentials compared
favorably with some of the best non-noble metal HER catalysts for
neutral media that have been reported to date. For example,
amorphous molybdenum sulfide showed a lower current density of 5
mA cm 2 at ~370 mV,* and electrodeposited cobalt-sulfide required
an overpotential of ~120 mV for HER.>’ Moreover, cobalt-
embedded nitrogen-rich carbon nanotubes gave a current density of
10 mA cm” at 540 mV.**

Due to the HER’s inherently slow kinetics under neutral media,*

the 3D MoS,/N-GAs hybrid, but was still much smaller than the
values obtained for MoS,-NS and N-GAs, which were 372 and 487
mV/decade, respectively (Figure 2b). For practical applications, a
small Tafel slope is desirable as it will enable a faster increase of the
HER rate with increasing overpotentials. The low Tafel slope of the
3D MoS,/N-GAs hybrid may be attributed to the strong electronic
coupling between MoS,-NS and N-GAs, permitting efficient
electron transport from the active sites to the underlying electrode
substrate. This hypothesis was further confirmed by electrochemical
impedance spectroscopy (EIS). The 3D MoS,/N-GAs hybrid showed
a smaller semicircle than did the MoS,-NS (Figure 2c), suggesting a
smaller charge transfer resistance in the 3D MoS,/N-GAs hybrid,*
likely due to the introduction of N-GAs that enhances the electrical
conductivity of 3D MoS,/N-GAs hybrid and decreases the electron
transfer resistance between MoS,-NS. This reduced resistance
implies much faster HER kinetics with the 3D MoS,/N-GAs
hybrid.*' After a long period of 6,000 s, only a slight decrease in the
current density was observed for the 3D MoS,/N-GAs hybrid,
suggesting superior stability (Figure 2d). The slow decline may be
due to the continuous consumption of H" and the potential loss of the
dropcast material from the surface of the electrode.*> Moreover, the
typical serrate shape can be attributed to the alternating processes of
H, bubble accumulation and release.*

To further evaluate the performance of the hybrid in MECs, we
compared the current generation and hydrogen production of

a relatively small Tafel slope of 230 mV/decade was observed for different electrodes. When applying 0.8 V to the MECs,
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Figure 2. (a) Polarization curves, (b) corresponding Tafel plots, and (c) EIS Nyquist plots of MoS,-NS, N-GAs, 3D MoS,/N-GAs, and Pt/C
at 5mV s in 100 mM PBS. The iR drop was corrected. (d) Time dependence of cathodic current density during electrolysis at -0.3 V.
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Figure 3. (a) Current generation and (b) hydrogen production with
MoS,-NS, N-GAs, 3D MoS,/N-GAs, and Pt/C cathodes in the
MECs at an external resistor of 1 Q and an applied voltage of 0.8 V.

an electric current was generated that was directly related to bio-
electrochemical hydrogen production via electron transfer. Figure 3a
shows the current generation in MECs when different catalysts were
employed. The MECs with the 3D MoS,/N-GAs hybrid generated a
peak current density of 0.36 mA cm 2, which was about 1.29 and
1.44 times greater than those for MoS,-NS (0.28 mA cm 2) and N-
GAs (0.25 mA cm?), respectively, and close to that of the Pt/C
catalyst (0.40 mA cm 2). Moreover, the MEC with 3D MoS,/N-GAs
exhibited higher cathodic efficiencies as well (Table S1). Combing
these results, it was confirmed that the hybrid catalyst had a higher
catalytic activity towards the HER than did MoS,-NS and MoS,/N-
Gas alone.

As a result of the higher current density and cathodic efficiency, the
hydrogen production rate of 0.19 m* Hy'm>-d "' was observed in the

This journal is © The Royal Society of Chemistry 2013

3D MoS,/N-GAs hybrid MEC (Figure 3b). This rate exceeded those
obtained with MoS,-NS alone and N-GAs alone by more than 3.17
and 2.71 times, respectively. Although the 3D MoS,/N-GAs hybrid
(43 m”> g") had a smaller BET surface area than N-GAs (83 m* g™'),
the catalytic activity of the hybrid was much higher than the N-GAs,
further confirming that the structure of the hybrid catalyst gave it
excellent catalytic performance. Additionally, visual observation and
photography confirm the formation of bubbles on the cathode,
suggesting the hydrogen production from the MECs (Figure S10).

Even though the loading rate of the 3D MoS,/N-GAs was roughly
1/4" that of the Pt/C catalyst and the surface area was 1/5™ of it, the
3D MoS,/N-GAs hybrid reached a peak current level almost the
same as the Pt/C catalyst. However, due to a lower cathodic
efficiency, the MEC with the 3D MoS,/N-GAs hybrid catalyst
generated less hydrogen than the MEC with the Pt/C catalyst did.
Notably, the hybrid possessed the highest Coulombic efficiency of
~24.28% among the four samples tested (Table S1). The increased
MEC performance with the hybrid is obvious when compared with
the MoS,-NS and N-GAs. We believe that the high electrocatalytic
activity for MECs originated from synergic effects within the
aerogel structure with large surface areas, layered MoS, for abundant
catalytic active sites, and 3D N-GAs networks for efficient charge
transfer, the detailed contributions of which are currently being
investigated.

Conclusions

In summary, we have designed and fabricated a novel 3D
MoS,/N-GAs hybrid using a facile two-step method through
self-assembly of a mixture of GO and MoS,-NS in the presence
of an ammonia solution for high-performance bio-cathode
materials in MECs. Benefiting from the unique structure, the
hybrid exhibited a large output current density, a high hydrogen
production rate, and excellent cycling stability, superior to
those of individual MoS,-NS and N-GAs. This work provides
fundamental insights for further design and construction of
other 3D layered hybrid aerogel catalysts for bio-
electrochemical hydrogen evolution in MECs.
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enhanced catalytic activity for bio-electrochemical hydrogen evolution.
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