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Experimental Section
Synthesis of MoS,-NS

Typically, 42 mg sodium molybdate and 84 mg thiourea were dissolved in 20 mL
deionized water under vigorous stirring for 2 h to form a homogeneous solution.
Subsequently, the resulting mixture was transferred to a Teflon-lined autoclave and heated at
210 °C for 24 h. Finally, a black product resulted, which was centrifuged and then washed
with distilled water and ethanol before being dried at 60 °C in air overnight. Further
exfoliation of MoS,-NS into few-layer MoS,-NS was completed by liquid exfoliation of
obtained MoS,-NS via sonication in mixed isopropyl alcohol/water.! 50 mg MoS,-NS and 40
mL isopropyl alcohol/water (50 vol.%) were added into a 100 mL beaker. The sealed beaker
was sonicated for 10 h, and then the dispersion was centrifuged at 1,000 rpm for 20 min.
After centrifugation, the supernatant (about three-fourths of the centrifuged dispersion) was
collected by pipette. The mass remaining in the supernatant was estimated by drying and
weighing the sediments in the centrifugal tube and about three-fifths of the starting material
remained in the supernatant. That was to say, the as-obtained supernatant possessed a
concentration of ~1 mg mL-!. The final product (few-layer MoS,-NS) was collected by
centrifuging the supernatant at 10,000 rpm for 30 minutes, and then dried in a vacuum oven
at 60 °C overnight.
Synthesis of 3D MoS,/N-GAs

Firstly, the graphene oxide (GO) was synthesized through chemical exfoliation of graphite
powders using a modified Hummers” method.> 3 In a typical synthesis of the 3D MoS,/N-
GAs, 20 mg few-layer MoS,-NS was gradually added to the 20 mL GO solution (2.5 mg mL~
1. Then, the mixture solution was stirred magnetically, and 2 mL ammonia was gradually
added to the mixture. After sonication for 1 h, the resulting stable suspension was then
transferred to a Teflon-lined autoclave, and hydrothermally treated at 180 °C for 12 h. Finally,
the as-prepared product was dried to obtain aerogels (3D MoS,/N-GAs).

As a control experiment, N-GAs was prepared in the absence of MoS,-NS via a similar
procedure.
Characterization

The morphology and composition of the 3D MoS,/N-GAs hybrid were characterized using
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a Hitachi H 9000 NAR transmission electron microscope (TEM) and a Hitachi S-4800 field
emission scanning electron microscope (FESEM) equipped with an energy-dispersive X-ray
spectroscopy analyzer. Atomic force microscopy (AFM) was conducted using an Agilent
Technology 5420 AFM with a cantilever (Nanosensors PPP-77 NCH). Powder X-ray
diffraction (XRD) data was collected using a Scintag XDS 2000 X-ray powder diffractometer
operating at 40 kV, 40 mA for Cu Ka radiation (A = 1.5418 A). Raman spectra were taken
using a Raman spectrometer with a 633 nm laser excitation (Renishaw 1000B). X-ray
photoelectron spectroscopy (XPS) was performed using HP 5950A with Mg Ka as the source
and the C 1s peak at 284.6 eV as an internal standard. Typically, the XPS scanning was
recorded by 12 scans for the surface survey. For the high-resolution N 1Is XPS scans, the
parameter above was adjusted to 128 scans to produce an optimum signal-to-noise ratio. The
number of XPS scanning was increased to make the deconvolution more clearly. It has no
influence on the evaluation of nitrogen and other elements due to the calculations of their
contents based on XPS surface survey. Thermogravimetric analysis (TGA) was carried out
using a TA SDT 2960 thermoanalyzer with a heating rate of 5 °C min™! in air atmosphere.
Nitrogen adsorption-desorption isotherm measurements were performed on a Micromeritics
ASAP 2020 to study specific surface area. Before analysis, all samples were pretreated by
degassing at 200 °C for 8 h to remove any adsorbed species.
Electrochemical Test

Electrochemical measurements were performed in a standard three-electrode glass cell on a
CH Instruments 760D electrochemical workstation using a glassy carbon electrode (GCE)
with various catalysts as the working electrode, a Pt wire as counter electrode, and an
Ag/AgCl electrode as the reference electrode. 100 mM PBS (PH = 7, purged with pure Ar)
was used as the electrolyte. For the fabrication of the working electrode, 5.0 mg of the as-
synthesized catalyst was mixed with a 50 pL Nafion solution (5% Nafion in ethanol) and 450
uL deionized water. The mixture was sonicated and a 5.0 pLL suspension was pipetted out and
dropped onto a glassy carbon electrode with a diameter of 3 mm and then fully dried. Linear
sweep voltammetry was carried out from -0.2 to -1.4 V (vs. Ag/AgCl) at 5 mV s7! for the
polarization curves and Tafel plots. The catalyst was cycled 20 times by CV until a stable CV

curve was obtained before testing.
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The electrochemical impedance spectroscopy (EIS) was carried out in the frequency range
of 1072 to 10° Hz with an AC voltage amplitude of 5 mV in Ar-saturated 100 mM PBS.
RHE Conversion

HER (100 mM PBS, PH = 7): the electrode potential is reported in this work relative to the
reversible hydrogen electrode (RHE) potential, which was converted from the Ag/AgCl
electrode using: Erpg = E(ag/agcr +0.6106 V.

The Setup and Operation of Microbial Electrolysis Cell

A flat plate MEC was used in this experiment (Figure S10 and Scheme S1). The anode
electrode was a 5 cm long carbon brush and the cathode electrode was carbon cloth loaded
with different catalysts. Before loading, the carbon cloth was soaked in acetone overnight and
heated under 350 °C for 1 hour to remove the impurities. The anode chamber and cathode
chamber had the same volume, which was 30 mL. The anode chamber and cathode chamber
were separated by a piece of cationic ion exchange membrane (Membrane International, Inc.,
Ringwood, NJ, USA). During operation, the anolyte was recirculated between MEC and a
reservoir using a peristaltic pump (Cole Parmer) at 60 mL min~!. The catholyte was not
recirculated or mixed during the experiment.

The anolyte contained (per liter of tap water): sodium acetate, 1 g; NH,Cl, 0.15 g; NaCl,
0.5 g; MgS0,, 0.015 g; CaCl,, 0.02 g; KH,PO,, 0.53 g; K;HPO,, 1.07 g; yeast extract, 0.1 g;
and trace element, 1 mL.# The catholyte was 100 mM PBS. At the beginning of each cycle,
200 mL of anode feed solution was filled into a reservoir and recirculated through the MEC,
while 30 mL of catholyte was fed into the cathode chamber of the MEC. The MEC was
powered by a power supply (3644 A, Circuit Specialists, Inc., Mesa, AZ, USA), and the
resistance used in this experiment was 1 Q. The voltage across the resistor was recorded
every 5 min using a data acquisition system (2700, Keithley Instruments, Inc., Cleveland, OH,
USA). The gas produced during the experiment was collected in a graduated cylinder by

water replacement. The composition of the gas was analyzed using gas chromatography.
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Figure S1. TGA curve of 3D MoS,/N-GAs under flowing Air.

TGA analysis was employed to determine the content of MoS,-NS present in the 3D
MoS,/N-GAs hybrid (Figure S1). Assuming that all MoS, was transferred to MoOj; and all
NG was burned out, the final residue was only MoOQOj; after heating the composite to about

700 °C. Based on the mass of MoOj3 (26.1 wt.%) left after heating, it can be calculated that

the MoS,-NS content in the hybrid was about 29.0 wt.%.
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Figure S2. (a) AFM image of MoS,-NS, (b) corresponding height profile of MoS,-NS, (¢)

3D AFM image from (a), and (d) Raman spectrum of MoS,-NS.
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Figure S3. XRD patterns of MoS,-NS and 3D MoS,/N-GAs.

The 3D MoS,/N-GAs hybrid displayed a similar crystalline structure to that of MoS,-NS
as shown in X-ray diffraction (XRD) patterns, which was congruent with a hexagonal
structure (JCPDS 37-1492). The diffraction peaks at 14.1, 33.5, 39.4, 44.0, 49.8, and 58.9°
corresponds to (002), (100), (103), (006), (105), and (110) crystal planes of MoS,,
respectively (Figure S3). A broad peak centered at 27.9° resulted from the NG nanosheets,

revealing the co-existence of MoS,-NS and N-GAs.
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Figure S4. (a) The survey XPS spectra, (b) Mo 3d and, (c) S 2p XPS spectra for N-GAs and
3D MoS,/N-GAs.

In Figure S4b, two peaks for the Mo 3d are observed at 229.5 and 232.7 eV, and assigned
to Mo 3ds, and Mo 3ds,, respectively. These values agree well with XPS data in the
literature and are known to be due to Mo*" species in the form of pure MoS,.> The peak at
226.7 eV could be indexed as S 2s.° In addition, XPS peaks of S 2p located at 162.3 and
163.4 eV could be assigned to the spectra of S 2p;, and S 2py,, for S 2p (Figure S4c), which

is in accordance with the sulfur element in the sulfides.”
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Figure S5. (a) High-resolution N 1s XPS spectrum of 3D MoS,/N-GAs.
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Figure S6. (a) High-resolution N 1s XPS spectrum of N-GAs.

In Figure S6, The complex N 1s spectra are deconvoluted into four peaks centered at 398.8,
400.6, 401.7, and 403.2 eV, corresponding with pyridinic N, pyrrolic N, graphitic N, and

oxygenated N, respectively.?
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Figure S7. High-resolution C 1s (a) and O 1s (b) XPS spectra of 3D MoS,/N-GAs.

The C 1s peaks for 3D MoS,/N-GAs were deconvoluted into five peaks at 284.5, 285.2,
286.0, 287.4, and 288.7 eV, which are attributed to C-C, C=N, C-0O, C=0, and O-C=0,
respectively (Figure S7a).° The existence of C=N bonds undoubtedly verified the doping of N
atoms within the hybrid. Nevertheless, the fact that there were still small amounts of oxygen

in the hybrid (Figure S7a-S7b) suggests that most of the oxygen functional groups were

removed during the hydrothermal processes.
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Figure S8. Raman spectra of MoS,-NS, GO, RGO, and 3D MoS,/N-GAs.
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Figure S9. (a) The nitrogen adsorption-desorption isotherm and (b) the corresponding pore
size distribution curves calculated from desorption branch of the nitrogen isotherm of MoS,-

NS, N-GAs, and 3D MoS,/N-GAs.

The porous nature of the 3D MoS,/N-GAs hybrid was characterized by measuring the
nitrogen adsorption-desorption isotherm (Figure S9). A typical type IV isotherm with a H3
hysteresis loop demonstrates the mesoporous structure of the hybrid.!® The obtained 3D
MoS,/N-GAs hybrid had a large Brunauer-Emmett-Teller (BET) surface area of 43 m? g!
and the average pore size was about 71 nm, which is essential for diffusion of the electrolyte

and increasing the contact between electrolyte and catalyst.!!
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Figure S11. TEM images of MoS,-NS (a-c) and N-GAs (d).
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Figure S12. (a) Polarization curves and (b) corresponding Tafel plots of MoS;-NS, N-GAs,

3D MoS,/N-GAs, and Pt/C at 5 mV s~'in 100 mM PBS. The iR drop was uncorrected.
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Scheme S1. Schematic diagram for the charge transfer mechanism of the 3D MoS,/N-GAs

hybrid for the MECs.
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Table S1. Efficiency and hydrogen production in the MECs with different cathodes.

Pt/C 3D MoS,/N-GAs MoS,-NS N-GAs
Coulombic Efficiency (%) | 21.34+0.87 24.28+0.49 17.99+£2.29 17.88+2.34
Cathodic Efficiency (%) 23.07+0.36 12.54+1.69 6.34+.72 7.07+1.65
Hydrogen Production Rate
0.31+0.02 0.19+0.02 0.06+0.01 0.07+0.01
(m3 Hy/m3<d)
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