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ABSTRACT: Electrolysis in neutral pH solutions (e.g., wastewater, seawater) presents a transformative way for environ-
mentally friendly, cost-effective hydrogen production. However, one of the biggest challenges is the lack of active, robust
hydrogen evolution reaction (HER) catalysts. Herein we present a novel catalyst with dual active sites of MoP, and MoP
which function synergistically to promote HER in neutral pH solutions. In a real microbial electrolysis cell (MEC) which
uses neutral pH wastewater as feedstock, the new catalyst delivers an average HER current density of 157 A m™cathode-Surface-
Area, higher than Pt/C catalyst (145 A M™athode-Surface-Area), ~5 times higher than the state-of-art platinum group metal (PGM)-
free catalysts in MECs. The new catalyst also outperforms Pt/C in natural seawater with ~10% higher and more stable HER
current density. The fundamental reason for the enhanced HER performance is identified to be the synergy between MoP,
and MoP phases, with MoP, promoting H,O dissociation and MoP efficiently converting Haq to H,.
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Hydrogen has attracted considerable attention as an abun-
dant energy carrier.”3 One efficient and sustainable route
to generate hydrogen is catalytic hydrogen evolution reac-
tion (HER) from water.* Platinum-group-metals (PGM) are
known to efficiently catalyze HER.> However, for practical
application, it has been significantly limited by their scar-
city and high cost. PGM-free HER catalysts based on inex-
pensive transition metals, including nitrides, carbides, bo-
rides and chalcogenides have been explored in the past few
years.®® However, most of such catalysts only function well
in acidic or alkaline solutions, but underperform in neutral
pH solutions.” Generating H, from mild neutral pH solu-
tions (e.g., wastewater, seawater) has shown advantages of
being environmentally friendly, sustainable, and cost-ef-
fective by enabling new, low cost electrocatalysts and feed-
stocks." It may also provide an efficient way for environ-
mental cleanup, for example, H, production using a micro-
bial electrolysis cell (MEC) cleans wastewater.>** HER cat-
alysts for neutral solutions, which has been less explored,
is highly attractive but remains a grand challenge.

Previous studies indicated that H,O dissociation (H,O + e
+ M — M-H,q4 + OH", where M stands for metal and H,q is
H adsorbates) and H.q recombination (H,O + M-H.q + e —

M + H, + OH" or H.q — H,) are the key steps in neutral pH
HER.5 Those reaction steps fundamentally depend on how
H.O, OH and H bond to the catalysts’ surface.® A plausible
way to accelerate the kinetics of H,O dissociation is to use
“promoter” such as metal hydroxides/oxides with the func-
tion to cleave the HO-H bond.”7" Limitations in the cata-
lytic activities of most of the promoters lies in the fact that
they are generally poor at converting Haq into H,.2°*2 They
have relied on the use of active H,4 recombination catalysts
such as Pt that exhibits an optimum H,q binding energy.*
>4 These pioneering understandings hold the promise that
the sluggish kinetics of neutral pH HER might be improved
if rational design of robust bifunctional systems is achieved
and the synergy between “promoters” and PGM-free cata-
lysts is exploited.

Molybdenum phosphides (MoP,) have been extensively in-
vestigated as a versatile functional catalyst for various re-
actions, including HER and hydrodesulphurization cataly-
sis.>>?7 [t has been proven that MoP, exhibits weak electron
delocalization effect between Mo and P because more elec-
tronegative P can drew electrons from Mo.?® This suggests
that to increase the atomic percentage of P is expected to
improve the strength of “Mo*-P*” bond and thus to create



a robust bifunctional system similar to “M>**0% OH),.s/Pt”
for efficient H,O chemisorption and dissociation.”” Moreo-
ver, recent density functional theory (DFT) calculations in-
dicate that MoP; is a good H,4-delivery system which could
potentially modify the catalytic properties of the active Mo
sites,® pointing toward a possibility for further optimiza-
tion in H.q recombination. However, the role of Mo and P,
and the effect of their interaction on its HER catalytic per-
formance remain unclear, particularly in neutral pH solu-
tions, which stands as a critical obstacle for understanding
the structure-property relationship for better HER catalyst
development. A new synthesis approach is also needed for
the preparation of MoPy because conventional approaches
through calcining mixed Mo and P precursors generally in-
volves excessive coarsening of crystallites, resulting in poor
control of MoPy structure and morphology.>93°

Herein we report a “dual active sites” MoP,/MoP nanocom-
posite catalyst to boost the overall HER process in neutral
pH solutions: MoP, phase with a high contrast between the
electrostatic affinity of Mo®* to -OH and P¥ to -H to accel-
erate H,O dissociation, and MoP phase with optimum ex-
posure of Mo atoms to provide active sites for H,q recom-
bination. The bifunctional MoP,/MoP composite is formed
from a phase-controlled phosphidation of Mo-rich polyox-
ometalate (rPOM) nanoclusters at a certain temperature of
700 °C (this catalyst is designated as MoP700). MoP700 ex-
hibits exceptional HER activity and outstanding stability in
neutral pH solutions, better than Pt/C in a real MEC device
and for seawater splitting. Our theoretical calculation con-
firms that the enhanced HER activity of MoP7o00 in neutral
pH solutions comes from the synergy of MoP, and MoP for
H.O chemisorption/activation and H,O/H binding.

The synthesis of the MoP700 catalyst involves two steps. In
the first step, pristine POM was used to prepare nanostruc-
tured rPOM (reduced POM) through a reductive route (see
Methods). POMs are metal oxide clusters of group 5/6 ele-
ments that can accept/release electrons without destruct-
ing their nanostructures.> The reduction technique trans-
forms bulky POM into discrete rPOM nanoclusters (~5 nm,
Figure S1). In the second step, the uniformly mixed rPOM
and NaH,PO, precursors (mass ratio of rPOM/NaH,PO, is
1/5.8) are preheated at 240-300 °C (0.5 °C mim™) for 2 hours
in a tube furnace under flowing Ar; then the furnace tem-
perature was increased to 700 °C (5 °C mim™) which trans-
formed rPOM to a mixture of MoP/MoP, crystalline phases
through a phosphidation process by PH; which is produced
by in situ thermal decomposition of NaH,PO, (Figure S2).
For comparison, pure MoP., Mo;P catalysts were also pre-
pared by varying the mass ratio of Mo/P precursors, while
MoP was obtained by further heating the MoP700 catalyst
in Ar environment at 750 °C.

Figure 1a presents an overall transmission electron micros-
copy (TEM) image of the synthesized MoP700 with nano-
particle size in the range of 8-30 nm. High-resolution TEM
(HRTEM) image (Figure 1b) further reveals a crystalline na-
ture and a MoP,/MoP heterostructure of the catalyst (Fig-
ure S3). The imaged lattice fringes with interplane spacings
of 0.21 nm correspond to MoP (101) plane (Figure 1c) and
the enlarged d-spacings of 0.56 nm is for MoP, (020) plane

(Figure 1d). HRTEM images of MoP7o00 also show the dis-
tribution of Mo and P with MoP and MoP, both exhibiting
Mo-terminated surfaces (Figure S4). The crystal structure
difference of MoP and MoP, phases is clearly visible from
their Fast-Fourier-Transforms (FFT) in inset Figures ic and
1d, respectively. Qualitative energy dispersive X-ray spec-
troscopy (SEM-EDS) analysis confirms the elemental com-
positions of selected area of MoP and MoP,, which are con-
sistent with their chemical formulas, ~47.5:52.5 (~1:1) and
36.8:63.2 (~1:2) for MoP and MoP,, respectively (Figure 2a).
Moreover, a Mo/P ratio of ~1.5 in bulk MoP700 was derived
from the overall SEM-EDS elemental maps, suggesting the
MoP,/MoP ratio in MoP700 is ~1:1. X-ray diffraction (XRD)
patterns of catalysts confirms the co-existence of MoP and
MoP, phases in MoP700 (Figure 2b).

Figure 1. (a) Overall TEM image of the MoP7o0 catalyst, (b)
HRTEM image of MoP7o00 revealing a MoP and MoP, hetero-
structure. (c-d) HRTEM images of MoP700 to show the struc-
ture difference of MoP (c) and MoP, (d). Inset (c) and (d) are
Fast Fourier transforms (FFT) of the MoP and MoP,, respec-
tively.

The surface chemical states of MoP700 was investigated by
X-ray photoelectron spectroscopy (XPS). The Mo 3d region
of MoP700 show binding energies of 232.63 and 228.81 eV
indicative of Mo® (o < § < 4) species generally assigned to
Mo in MoPy, and the rest of the Mo doublets at 236.35 eV
and 233.39 eV can be ascribed to high oxidation state of Mo
(MoOy) (Figure 2c).3* The P 2p spectrum of MoP700 exhib-
its two major peak regions (Figure 2d), with one centred at
binding energies of 130.45 eV and 129.65 eV, which can be
attributed to P bonded to Mo in the form of a phosphide,
and the other peaks at 134.87 and 133.5 eV characteristic of
metaphosphate. The existence of oxidized Mo and P can be
attributed to catalyst surface oxidation under air condition
as often observed for metal phosphides.3+3° Moreover, the
binding energies for Mo and P of catalysts are in the orders
Mo® < MoP < MoP700 < MoP,, P° > MoP > MoP700 > MoP,,
respectively, indicating that Mo and P in MoP700 bear en-
hanced positive (§*) and negative (§7) charges, respectively.
This result points to the formation of strong “Mo%-P*” net-
works in MoP700, which could potentially mimics the cat-



alytic behaviour of “M>**0%OH),.s/Pt” or “Au/Pt-S.¢*” sys-
tems for efficient H,O dissociation,'” >>37 and promotes the
overall HER on the MoP,/MoP heterostructured catalyst.
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Figure 2. (a) SEM-EDS analysis of MoP7o00. (b) XRD pattern
of MoP700 in comparison with MoP, and MoP. (c-d) high res-

olution Mo 3d (c) and P 2p (d) XPS spectra for MoP700, MoP,
and MoP.

HER electrocatalytic activity of catalysts were first assessed
in 1.0 M H,-purged phosphate buffer solution (PBS, pH 7.4)
using a three-electrode cell. Figure 3a-b shows the HER po-
larization curves and corresponding Tafel plots of MoP700
compared with those of MoP,, MoP, Mo;P and 20 wt% Pt/C
(ETE-K). MoP700 exhibits a low onset overpotential (17) of
75 mV, slightly higher than Pt/C (45 mV). The p at current
density (j) of 10 MA cm?geomeuic is 196 mV for MoP700, close
to 181 mV for Pt/C and significantly lower than 276, 327 and
491 mV for MoP,, MoP and Mo,P, respectively. Those n val-
ues on MoP700 are smaller than most PGM-free HER cat-
alysts reported to date, placing its catalytic activity among
the best in neutral pH HER (Table S1). From the extrapola-
tion of the liner region of a plot of n versus log (j), we ob-
tained Tafel slope values of 79, 97, 87, 153 and 107 mV dec™
for MoP700, MoP,, MoP, Mo,P and Pt/C, respectively. The
smallest slope of MoP700 indicates a two-electron transfer
process following a “Volmer-Tafel” mechanism of 2H,4s ad-
sorption and H, evolution occurring on MoP700’s surface,
which also demonstrates favorable H,O adsorption/disso-
ciation and H,q recombination kinetics on MoP700.3339

Electrochemical impedance spectroscopy (EIS) was used to
study the electrode kinetics of the catalysts under the HER
mode. The charge transfer resistance (R) tells the kinetics
of electrocatalysis on electrode, and a lower R value cor-
responds to a faster reaction rate.*# [t is found that the R
values of the electrodes show similar tendency to that pre-
viously observed in HER tests, with MoP700 exhibiting the
smallest R, of 93 ohms(Figure 3¢ and Figure Ss). This result
indicates that the high conductivity of MoP700 (Figure S6)
and the fast charge transport at the MoP7o00/electrolyte in-
terface are the key factors contributing to the superior neu-
tral pH HER kinetics of the MoP700 electrode.

The stability is also critical for electrocatalysts in an energy
conversion system. The HER stability of the MoP700 cata-
lyst was investigated using a dynamic potential protocol by
cycling electrode potential between -0.45 and 0.15 V versus
RHE for 4,000 cycles at scan rate of 50 mV s™. This type of
accelerated stability test is developed to represents the cy-
cling expected for real electrolysis devices. Continuous gas
bubbling was observed on the MoP700 electrode through-
out the stability test (Video S1). As shown in Figure 3d, the
n of MoP700 electrode at 10 mA cmgeometric increased only
by ~10 mV after the stability cycling, demonstrating a high
catalytic stability of MoP70o0. In addition, as given in Figure
S7-8, inspection of the morphology and oxidation states of
Mo and P after the stability test reveals no difference com-
pared to the one before the test, affirming the excellent sta-
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Figure 3. (a) Polarization curves (iR-free) for HER on different
catalysts in H,-purged 1.0 M PBS (pH 7.4); 1600 rpm; 5 mV s7
(b) Tafel plots derived from the HER curves in (a). (c) Electro-
chemical impedance spectra of different electrodes at n of -150
mV; inset: Equivalent circuit used for data analyses; Rs and R
are the ohmic and charge transfer resistance, respectively. (d)
Cycling stability of MoP700 (HER polarization curves before
and after the stability tests). All electrochemical data were ob-
tained after cyclic-potential activation. (e) Current generation
for Pt/C and MoP700 cathodes at electrode loading of 0.5 mg
cm (Anode: 10 cm? carbon cloth with enriched electrochem-
ically active bacteria; Cathode: 1.0 cm? catalysts loaded carbon
cloth; 200 mM phosphate buffer (pH 7.0) with 75 mM sodium
acetate; voltage: 1.0 V). (f) HER on MoP700 and Pt/C catalysts
in seawater (pH 7.8, salinity 33.8 psu, no iR-correction); scan
rate: 5 mV s™; rotation rate: 1600 rpm.

We further evaluated MoP7o0 for real HER application in
an MEC device. As shown in Figure 3e, at the same catalyst

[



loading of 0.5 mg cmcathode, the MEC with the MoP700 cat-
alyst can generates a maximum current density of 157 A m°
2 Cathode-Surface-Area, Nigher than that with the Pt/C catalyst (145
A M Cathode-Surface-Area)- The exceptional high current density
achieved here demonstrates that the cathode with MoP700
is capable of generating H, ~5 times faster than previously
reported MECs (Table S2). The MEC with MoP700 cathode
also showed high catalytic stability during the MEC opera-
tion. MoP700 also has high and stable catalytic HER activ-
ity in natural seawater (Figure 3f). Overall, the outstanding
HER performance of the MoP700 catalyst show a great po-
tential for real application in H, production in neutral pH
solution systems.
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Figure 4. (a) Calculated binding energy of H,O and H adsorp-
tion on MoP,, MoP and Mo,P, Mo- and P-terminated surfaces.
(b) Calculated kinetic reaction energy barrier for H,O dissoci-
ation on Mo-MoP and Mo-MoP, surfaces. (¢) Comparison be-
tween catalytic activity of the HER in acidic, neutral and basic
solutions for MoP700, MoP,, MoP, Mo,P and Pt/C. Error bars
are s.d. of at least 5 sets of experimental repeats. (d) Schematic
representation of neutral pH HER on MoP70o0.

We hypothesize that the excellent HER performance of the
MoP700 catalyst is the direct outcome of its special hetero-
junction-like MoP,/MoP structure imparted by the unique
chemical synthesis approach. To prove this hypothesis, we
compared the intrinsic activity of catalysts by normalizing
the measured current densities to their electrochemical ac-
tive surface area (ECSA). MoP700 exhibits a  of 201 mV at
j of 0.3 mA cmgsca, outperformed MoP,, MoP and Mo,P
by 15, 89 and 261 mV (Figures Sg and S10), highlights that
MoP7oo0 is a highly active neutral pH HER catalyst. In ad-
dition, we compared the HER activity of MoP700 and phys-
ically mixed MoP,/MoP, with MoP7oo0 is far better than the
mixture (Figure 3a). Those results suggested that the cata-
lytic HER reactivity is facilitated by a synergistic effect be-
tween MoP, and MoP.

To understand the origin of the high neutral pH HER cat-
alytic activity of MoP700, we performed DFT calculations.
We firstly calculated the binding strength (AE;) of H,O and
H to both Mo- and P-terminated MoP., MoP and Mo,P sur-
faces (Figure Su). Generally, neutral pH HER involves H,O
adsorption/activation and H recombination on the surface

of catalyst; so, a strong bonding of H,O and weak bonding
of H to surface is desired.”> ** We found that only Mo-MoP,
surface has superior H,O chemisorption property and only
Mo-MoP, and Mo-MoP surfaces show preferential binding
for H (Figure 4a) in comparing with the AE;, of H,O on Pt,%"
46 indicating those two surfaces are the catalytic active sur-
faces for the neutral pH HER, which agree well with the
observed surface structure of MoP700 with Mo-terminated
surfaces. We further calculated the kinetic reaction barri-
ers (AE,) for the dissociation of H,O on Mo-MoP, and Mo-
MoP surfaces. The AE, for the transition state and final
state of H,O decomposition on Mo-MoP, surface were de-
termined to be lower than that on Mo-MoP surface (Figure
4b, Figure S12), suggesting a superior H,O dissociation ca-
pability of Mo-MoP, surface. Meanwhile, on Mo-MoP sur-
face, the AE;, for H was calculated to be lower than on Mo-
MoP, surface. This suggests that the H,q produced on Mo-
MoP,; sites could be “delivered” to the nearby Mo-MoP sites
to form “H-H” bond more effectively if both Mo-MoP, and
Mo-MoP, surfaces are stay closely together in the catalyst.
In MoP700, the MoP,-MoP synergy not only facilitates the
H.O chemisorption/dissociation, but also promotes the H-
H bond formation of two adjacent H,q that, finally, recom-
bine into molecular hydrogen (H.). All of these synergistic
effects contribute to the enhanced neutral pH HER activity
of MoP7o0o0.

Additional catalytic studies were conducted to get further
insights into the origin of the high HER activity of MoP700
in PBS. Figure 4c compares the HER catalytic activities (ex-
pressed as 1 values at j of 10 mA cmGeometic) of MoP700,
MoP,, MoP, Mo,P and Pt/C catalysts in acidic, neutral and
basic solutions. For the MoP,, MoP and Mo;P catalysts, the
HER activity increases in the order acidic > basic > neutral,
consistent with the observed trend for Pt/C. However, the
HER activity trend for MoP700, neutral > acidic > basic, is
inverse to that observed on the other electrodes, indicating
that the HER on MoP7oo0 is controlled by the activity of the
MoP,/MoP coexists structure/surface. We hypothesize the
neutral pH HER mechanism on MoP7o00 surface as shown
in Figure 4d. Previous calculation of the P-terminated sur-
face on MoP, implies that the binding of H* on P is unfa-
vorable when the H coverage is high.® The result is that P
could “poisons” the active sites for H,q formation/recombi-
nation. On the other hand, in basic solution, because H,O
dissociation is kinetically facile on MoP700 while the HER
activity is neutral < basic, therefore, desorption of OH,q to
refresh the catalysts’ surface might be the key step for HER.
That is, the OH" from the electrolyte/H,O could either oc-
cupy or prevent the desorption of OH,q from the catalytic
active sites for further H,O chemisorption/dissociation on
MoP7o00, causing inefficient release of OH.q and then de-
activating of the catalyst. The roughly equivalent HER ac-
tivity on MoP700 in acidic and basic electrolytes might be
related to the similar “blocking effect” of excess H* or OH"
on the performance of MoP700 in HER. At this point, keep-
ing in mind that HER of MoP7o00 in neutral solution is al-
most independent of H*/OH" and the activity is MoP700 >
MoP > MoP,, we suggest that the surface “MoP,/MoP” en-
abled fast H,O dissociation step is the key for the high cat-
alytic activity.



In conclusion, nanostructured MoP700 composite catalyst
with a MoP/MoP, heterostructure has been synthesized by
a two-step mix-phosphidation processing method and ex-
hibits outstanding activity and stability for HER in neutral
pH solutions, which is even better than Pt/C catalyst in real
MEC devices (wastewater as a feedstock) and natural sea-
water. Based on our experimental and theoretical studies,
we propose a synergistic mechanism of between the two
phases of MoP, and MoP that is responsible for the high
neutral HER catalysis activity. This study also provides a new
approach to controllable design and synthesis of PGM-free,
highly efficient and biocompatible systems which may find ap-
plications in other catalysis fields.

METHODS

Synthesis of Pristine POM. o0.01 mol (NH,)sMo,0,,-4H,O
(299%) and 0.006 mol H;PO, (85%) were dissolved in 200
mL DI water (18.2 MQ c¢m) under vigorous stirring. Then 8
mL of concentrated HNO; (70%) was dropwise added into
the above mixture and kept at 8o °C for 1 day. The resulting
yellow colloidal product ((NH,);PMo,,0,,) was centrifuged
and washed with 1.0% HNO; solution and vacuum dried at
80 °C for 24 hours.*

Synthesis of rPOM (Reduced-POM). 5.0 g of POM was
dispersed in 50 mL of DI water. Then o.25 g of NaBH, was
added to the above dispersion under stirring: as soon as the
reduction of the POM occurred, gas evolution (NH,* + H-
— NH; + H,) took place and the solution color changed to
dark-blue. After stirred for 10 hours to allow the complete
reaction of the POM, rPOM nanoclusters-containing solu-
tion was centrifuged at a speed of 10,000 rpm for 1 hour to
precipitate the impurities, and then, the resulting solution
was separated and dried in a freeze-dryer to obtain rPOM.

Synthesis of MoP7o00 Catalyst. 1.0 g of rPOM powder was
fine-grained mixed with 5.8 g of NaH,PO,-H,O (P:Mo ~1:8).
The mixture was preheated at 240-300 °C (0.5 °C min™) for
2 hours (0.5 °C min™) and then calcined at 700 °C (5 °C min®
1) for 5 hours under flowing Ar. The resulted black-colored
product was well grinded and dispersed in 0.5 M HCl solu-
tion and kept at 8o °C for 1 hour, then centrifuged, washed
with water and ethanol for several times and vacuum dried
at 8o °C for overnight. Advantages of this methodology in-
clude high reproducibility, avoidance of complicated puri-
fication procedures, and easy scale-up of up to gram quan-
tities.

Material Characterization. Scanning/transmission elec-
tron microscopy (S/TEM) and high-resolution TEM images
were obtained by a FEI Titan system. X-ray diffraction pat-
terns (XRD) were collected using a Philips Xpert X-ray dif-
fractometer in a CuKa tube at A=1.5418 A. X-ray photoelec-
tron spectroscopy (XPS) was obtained using a Kratos Axis
Ultra DLD spectrometer. All peaks were adjusted based on
Cis peak at 284.5 eV as a reference.

Electrochemical Tests. All the electrochemical tests were
performed in a standard three-electrode setup using a CHI
660D electrochemical workstation using an Ag/AgCl refer-
ence electrode and graphite-rod as counter electrode. The
Ag/AgCl electrode was calibrated in H, (99.99%)-saturated

0.5 M H.,SO, electrolyte using Pt wire for both the working
and counter electrodes to -0.255 V versus the reversible hy-
drogen electrode (Erur) = 0.059 pH + 0.255 V). To prepare
working electrode, 5.0 mg of catalyst was mixed with 3980
uL 70% water/isopropyl-alcohol and 20 uL of 5 wt% Nafion
solution by sonication for 30 minutes. Subsequently, 40 uL
of the catalyst ink was drop-dried onto glassy carbon elec-
trode to cover an area of 0.1962 cm? (catalyst loading: ~0.25
mg cm™). All the potentials reported in this work were con-
verted to RHE and all the HER polarization curves were iR-
corrected. AC impedance measurements were conducted
in the same configuration when the working electrode was
biased at overpotential of 100, 125 and 150 mV versus RHE
from 10° Hz to 10" Hz with an AC voltage of 5 mV. All the
electrochemical data were obtained after electrochemical
cyclic potential (CV) activation for 50 cycles (o to 0.6 V ver-
sus RHE). All HER polarization curves were collected after
electrochemical potential activation for 3 scans (LSV, 0.15
to -0.45 V, versus RHE). CV between -0.45 and 0.15 V (ver-
sus RHE) at scan rate of 50 mV s™ for 4,000 cycles was per-
formed to evaluate the HER stability. All tests were con-
ducted 5 times to avoid any incidental error.

DFT Calculation. DFT calculations were performed by Vi-
enna ab-initio simulation package (VASP) with the projec-
tor augmented wave pseudo-potentials to describe the in-
teraction between atomic cores and valence electrons with
DFT. The Perdew Burke Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA) was used to
implement DFT calculation. The MoP, MoP,, Mo,P(oo1) by
the Mo and P-terminated slab models were used to simu-
late the surface properties. The reasonable vacuum layers
were set to 15 A in the z-direction for avoiding interaction
between MoP, planes. A cutoff energy of 400 eV was pro-
vided and a 4x4x1 Monkhorst Pack k-point sampling was
used for the well converged energy values. Geometry opti-
mizations were pursued until the force on each atom falls
below the convergence criterion of 0.02 eV A and energy
was converged within 10 eV. The lowest two layers atoms
were fixed, and the other atoms were allowed to move dur-
ing the geometry optimization in the Mo and P-terminated
surface. The differential adsorption energy of H atom can
be estimated by using the equation:

AEyq = Ead/base — Eqq — Epase

where E.d/base, Ead, and Epase represent the total energy of the
adsorbed systems, the isolated H or H,O, and the base, re-
spectively. The negative AE,; demonstrates the energeti-
cally favorable interaction between adsorbate and slab sur-
face.

Microbial Electrolysis Cell (MEC) Construction, Inoc-
ulation, and Operation. Single chamber MECs were used
to compare the performance of MoP700 with Pt/C catalyst.
The MECs were made from narrow mouth media bottles
sealed with butyl septum topped caps. The total reactor
volumes were 320 mL with a liquid volume of 100 mL and
a gas volume of 220 mL. The MECs cathode with loadings
of 0.5 mg cm™ MoP700 (or Pt/C) were fabricated as follows:
(1) desired loading of catalyst was mixed with Nafion (5%)
for 10 hours in a ratio of 7 pL. mg™ of catalyst to form a paste;
2) the paste was uniformly pipetted to both sides of the

[



cathode material; 3) the painted cathode was left to dry out
at 25 °C for 1 day. The cathode had a projected surface area
of 1cm?. The anode was plain carbon cloth (CC) with a pro-
jected surface area of 10 cm* MEC was inoculated by scrap-
ing mature biofilm from a previously enriched MEC anode
and applying the biofilm on the plain CC anode, and oper-
ated sequentially with a medium solution containing 200
mM phosphate buffer, 75 mM sodium acetate and neces-
sary nutrients as reported previously.*® The applied voltage
across the electrodes was fixed at 1.0 V. Temperature was
controlled at 32 °C. Current was measured by recording the
voltage across a serially connected 1 Q) resistor using a mul-
timeter with a data acquisition system (Keithley). Calcula-
tion of current density was performed as described previ-
ously.®
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