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Using nickel-molybdenum cathode catalysts for efficient hydrogen gas 
production in microbial electrolysis cells 
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H I G H L I G H T S  

• NiMo catalyst for hydrogen evolution reaction was synthesized by different routes. 
• Hydrothermal route (NiMoHt) had superior performance than electrochemical synthesis. 
• Using NiMo Ht in an MEC enabled large current densities and H2 production rates. 
• A novel configuration enabled inclusion of a reference electrode. 
• Cathode resistance dominated (70%) over MEC internal resistance.  
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A B S T R A C T   

A low-cost cathode catalyst based on a NiMo alloy was examined here to replace noble metals for the hydrogen 
production in microbial electrolysis cells (MECs). Two NiMo catalysts were synthesized through either an 
electrochemical assisted (NiMo Elec) or a hydrothermal (NiMo Ht) approach. The NiMo Ht method enriched the 
electrocatalyst with Mo atoms compared to the NiMo Elec approach, producing a similar current density with a 
minimal overpotential of 50 mV compared to Pt. In MEC tests using the NiMo Ht catalyst, H2 was generated at a 
highest rate of 81 ± 3 LH2/L-d (current density of 44.4 ± 0.9 A/m2) at a cell voltage of − 0.86 V, and a Coulombic 
efficiency of >97%. Modifying the closely stacked MEC design to include a reference electrode, and analysis of 
the electrode potentials using the electrode potential slope method, revealed a large contribution of the cathode 
resistance (5.3 ± 0.5 mΩ m2) compared to the anode (1.4 ± 0.2 mΩ m2) and ohmic resistance (0.83 mΩ m2) for a 
total internal resistance of 7.6 ± 0.5 mΩ m2. The high performance of the NiMo Ht catalyst coupled with its low 
cost provides an economically viable approach to advance the generation of biohydrogen in MECs.   

1. Introduction 

Microbial electrolysis cells (MECs) leverage the microbial meta
bolism at the anode to generate electrons for evolving hydrogen at the 
cathode [1–3]. The exoelectrogenic microbes on the anode oxidize the 
organic matter in solution and release to a conductive electrode the 
electrons, which are then delivered to the cathode, where they are used 
to produce hydrogen gas by the hydrogen evolution reaction (HER) [4, 
5]. While carbon-based electrodes are typically preferred as anode ma
terials due to their high biocompatibility and tunable chemical and 
physical properties such as surface area [6,7], there is no consensus on 
the optimal cathode catalyst for MECs [8]. Pt-based catalysts are typi
cally used due to their high activity toward H2 generation in water 

electrolyzer [9,10]. However, their high cost, susceptibility to contam
ination, and fouling in the complex media used in MECs, has limited 
their scalability and widespread adoption [11,12]. Ni, stainless steel, 
Mo, Cu and Mg are inexpensive alternatives that have been examined in 
several MEC studies, with Ni-based catalysts being the most popular 
among these [8]. Ni represents the state-of-the-art catalyst for water 
electrolysis under alkaline conditions, due to its high chemical stability 
ad low cost [13]. However, in MECs Ni-based catalysts have had much 
lower performance than those using precious metal catalysts, resulting 
in overpotentials larger than 100 mV at high current densities [14,15]. 
While Mo alone does not represent an efficient catalyst for the HER due 
to the high energy of the Mo–H bond, Ni–Mo alloys could potentially 
reduce cathode overpotentials in MECs as this material couples the 
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stability of Ni atoms with the high Mo activity towards HER [16–20]. 
To fully exploit the potential of improved cathode catalysts MEC 

configurations are needed that limit the development of mass-transfer 
limitations and minimize ohmic resistance while enabling high perfor
mance of the cell. Reactor configuration can have a large impact on MEC 
performance, primarily affecting the ohmic resistance and the devel
opment of mass-transfer limitations in the cell [21–23]. Cubic reactors 
or systems with large spacing between the electrodes have the advan
tage of allowing easy inspection and monitoring through reference 
electrode of the MEC operation but are a poor choice for achieving 
optimal electrochemical reactor performance (i.e. reducing energy re
quirements). A large spacing between the electrodes increases the ohmic 
resistance of the cell due to the large distance the ions travel in solution 
to balance the charge transported by the electrons [24]. A large elec
trode spacing, combined with a solution conductivity, produces an 
ohmic resistance that can account for more than one third of the overall 
internal resistance of some reactors [23,25]. Large electrode spacings 
can also produce mass-transfer limitations in the cell that result in pH 
imbalances. At the anode, protons released during oxidation of the 
organic matter accumulate due to sodium and potassium primarily 
balancing charges in solution (Na+ and K+ ∼ 50 mM; H+ = 0.1 μM) in 
solution. At the cathode, hydroxide ions are produced by the HER but 
the preferential transport of other negative ions such as Cl− or H2PO4

−

due to their larger concentration (Cl− and H2PO4
− ∼ 50 mM; H+ = 0.1 

μM), facilitate their accumulation on the electrode surface. As a result of 
the preferential transport of ions in solution in sub-optimal designs, the 
pH at the anode decreases while the pH at the cathode increases [26]. A 
low local anode pH limits the activity of the bioanode, as the tolerance of 
microorganisms for low pH is limited, reducing the maximum current 
density of the MEC [27], while a high local cathode pH increases the 
voltage requirement, according to the Nernst equation, reducing the 
energy efficiency of the system [28,29]. 

A zero-gap MEC configuration, with an anion exchange membrane 
(AEM) separator and a gas cathode chamber, can be used to avoid pH 
changes and reduce internal resistances. This new MEC design has 
enabled the best MEC performance to date, producing up to 43.1 ± 0.6 
A/m2 and 72 ± 2 LH2/L-d in 50 mM phosphate buffer at a cell voltage of 
0.79 V, using a Pt/C cathode catalyst [30]. The zero-gap spacing be
tween the electrodes, separated only by the membrane, minimized the 
ohmic resistance while the absence of a liquid catholyte enabled the 
selective transport of hydroxide ions from cathode to anode, boosting 
the current density by reducing pH acidification at the anode and 
diminishing cell voltage requirements. However, that MEC used a 
precious metal catalyst (Pt), and it was not possible to insert a reference 
electrode into the system to measure the individual contributions of the 
anode, cathode, and solution/membrane resistance to the total internal 
resistance [13]. Recent research on AEM water electrolyzers has shown 
that NiMo catalysts are the most active catalysts for the HER under 
highly alkaline conditions, leveraging Ni atoms as excellent water 
dissociation centers, coupled with Mo atoms providing superior 
adsorption properties towards hydrogen [16–20]. In this study, we 
examined the use of novel Ni-Mo based cathode alloys as catalysts [31] 
in a zero-gap MEC reactor configuration where near-neutral local anode 
pH can be maintained [30], boosting the electrochemical performance. 
NiMo catalysts were prepared using two different techniques, and the 
impact of the NiMo synthesis method on the cathode performance under 
both abiotic conditions (electrochemical tests) and in MECs was exam
ined. The NiMo catalyst was prepared using a fast and straightforward 
electron-assisted approach [32,33] and compared with a hydrothermal 
synthesis that was recently implemented to produce the best precious 
metal free HER catalyst in an AEM water electrolyzer [31]. Hydrother
mal syntheses have been previously used to produce catalysts with 
defined structures, composition, and superior catalytic performance [34, 
35]; however, the high number of steps of the synthesis and the use of 
sensitive equipment increases time and cost over simpler electrodepo
sition preparations. Typical zero-gap configuration, due to the lack of 

space, do not allow to insert a reference electrode in the system to 
monitor anode and cathode performance. Here, by modifying the 
reactor configuration to include an additional port for the reference 
electrode on the anode end plate, it was possible for the first time to 
monitor the anode and cathode performance over time during a polar
ization test, enabling the identification of the limiting electrochemical 
steps by the electrode potential slope (EPS) analysis [21,23]. 

2. Materials and methods 

2.1. Catalyst preparation 

The NiMo catalysts was prepared using two different approaches: 
electrode assisted synthesis (NiMo Elec), and a hydrothermal process 
(NiMo Ht) (Fig. 1). For the electrochemical approach, 0.17 M NiCl2 
hexahydrate, 0.10 M Na2MoO4 dihydrate and 0.17 M sodium citrate 
were mixed in a beaker and the pH was adjusted to 10 using NH4OH 
following a previously published method [36]. A mixed metal oxide (1 
cm2) was used as the anode and placed 1 cm apart from a graphite block 
(1 cm2) cathode. Under vigorous stirring, a current of 1 A was applied 
over 4–5 h to favor the precipitation of a NiMo alloy on the graphite 
cathode (Fig. S1). The metal deposit was gently scraped from the sur
face, collected, dried in a vacuum oven at 70 C for 30 min and 
micronized in a ball mill using 5 mm diameter zirconia balls for 
approximately 24 h. 

Hydrothermal synthesis was performed by mixing 0.05 M NiCl2 
hexahydrate with 0.05 M Na2MoO4 dihydrate in a 150 mL stainless steel 
autoclave in deionized water. The autoclave was heated in a muffle 
furnace set at 160 C for 6 h and cooled to room temperature inside the 
furnace. The green precipitate (NiMoO4) produced was then filtered and 
washed with deionized water, collected, dried in a vacuum oven at 70 C 
for 30 min and micronized in a ball mill using 5 mm diameter zirconia 
balls for approximately 24 h. The NiMo precursor was then heat-treated 
in a tubular furnace at 550 C under a 95% N2 – 5% H2 reducing atmo
sphere for 2 h as previously described [31] (Fig. S2). 

2.2. Catalyst characterization 

NiMo catalysts were examined using X-ray photoelectron spectros
copy (XPS) (Physical Electronics VersaProbe III) with a monochromatic 
Al kα x-ray source (hν = 1486.6 eV) and a concentric hemispherical 
analyzer. Charge neutralization was performed using both low energy 
electrons (<5 eV) and argon ions. The binding energy axis was cali
brated using sputter cleaned Cu (Cu 2p3/2 = 932.62 eV, Cu 3p3/2 =
75.1 eV) and Au foils (Au 4f7/2 = 83.96 eV) [37]. Peaks were charge 
referenced to CHx band in the carbon 1s spectra at 284.8 eV. Measure
ments were made at a takeoff angle of 45◦ with respect to the sample 
surface plane resulting in a typical sampling depth of 3–6 nm (95% of 
the signal originated from this depth). Quantification was done using 
instrumental relative sensitivity factors that account for the x-ray cross 
section and inelastic mean free path of the electrons. 

After catalyst immobilization on the carbon cloth cathode, the 
electrode was analyzed using scanning electron microcopy (SEM) 
(Verios G4, Thermo-Scientific, Hillsboro, OR) with an accelerating 
voltage of 5 keV and a current of 0.1 nA. EDS spectra were collected 
using a X-MaxN detector (Oxford Instruments, Concord, MA) at an 
accelerating voltage of 5 keV and a current of 3.2 nA. Aztec (Version 5.0) 
software was used to analyze the EDS data. 

2.3. Cathode and membrane electrode assembly preparation 

The cathodes and membrane electrode assemblies (MEAs) were 
prepared by spraying Pt/C or NiMo catalysts on a carbon cloth support 
(Fuel Cell Store, 5% wet proofed). The catalysts contained Pt dispersed 
in carbon (20% Pt, 80% C; Fuel Cell Store) or NiMo dispersed in carbon 
black (Vulcan XC-72-R, Fuel Cell Store). The impact of catalyst loading 
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was examined using NiMo loadings of 2 mgNiMo/cm2, 3 mgNiMo/cm2, 4 
mgNiMo/cm2, and 5 mgNiMo/cm2 by varying the NiMo/C ratio in the 
catalyst ink. The thickness of the catalyst layer was maintained consis
tent by always spraying the same amount of catalyst on the electrode 
support and changing the catalyst/carbon ratio (Fig. S3). To prepare the 
catalyst ink, 100 mg of catalyst dispersion (Pt/C or NiMo/C) were mixed 
with 500 mg of deionized water and 1700 mg of isopropanol under 
vigorous stirring. The ionomer (Fumion FAA-3-SOLUT-10, Fuel Cell 
Store) was added dropwise to the solution. The impact of ionomer 
content on cathode performance was investigated by using four different 
ionomer concentration of 0.5 mg/cm2, 1 mg/cm2, 2.5 mg/cm2 and 5.0 
mg/cm2 (Fig. S4), and then used 2.5 mg/cm2 in subsequent tests. These 
concentrations correspond to 5%, 10%, 25% and 50% of the concen
tration of dispersion (catalyst + carbon) in the ink. The ink was soni
cated for 1 h at room temperature before being sprayed on a carbon 
cloth taped to a hot plate set to 80 C to a final loading of approximately 
2 mg/cm2 of metal using an air brush and compressed N2 gas (0.8 atm). 
The cathodes were then dried overnight under a fume hood and tested as 
is in the abiotic electrochemical tests or cold pressed at 35 ◦C onto the 
AEM (two thicknesses of 75 μm, Fumasep FAA-3-PK-75; and 50 μm, 
Fumasep FAA-3-50; Fuel Cell Store) at 306 atm for 3 min to develop the 
final membrane electrode assembly (MEA) to be used in the MEC. 

2.4. Electrochemical tests 

All abiotic electrochemical tests were conducted in a cubic cell 4 cm 
long with a diameter of 3 cm and an empty volume of 28 mL with the 
cathode as the working electrode and a Pt mesh (3 cm2 projected area) as 
a counter electrode, placed 3 cm far from the cathode. The reference 
electrode (RE) used to measure the electrode potentials (Silver chloride 
(Ag/AgCl) reference electrode; BASI; +199 mV versus a standard 
hydrogen electrode, SHE) was placed in the current path between the 
working and the counter electrode, 1 cm distant from the cathode. All 
the individual electrode potentials are reported here versus SHE and 
have been corrected for the ohmic resistance except otherwise noted. An 
anion exchange membrane (Selemion AMVN, Asahi Glass, Co., Tokyo, 
Japan) was used to separate the working and the counter electrode (Pt) 
to minimize contamination of the catholyte. 

Cathodic linear sweep voltammetries (LSVs) were conducted from 
the open circuit potential (OCP) to − 3 V at a scan rate of 1 mV s− 1. Prior 
to LSVs the working electrodes were left for 2 h at the OCP and then a 
fast electrochemical impedance spectroscopy (EIS) analysis (from 100 
kHz to 500 Hz, 10 mV amplitude, 10 points s− 1) was recorded at the OCP 
to calculate the solution resistance (RΩ) [22]. Reported electrode po
tentials were corrected by adjusting the measured potential based on the 
ohmic resistance obtained from EIS [24]. Carbon felt anodes (3 mm 
thick, Alfa Aesar) were acclimated in cubic reactors as previously 
described at an applied potential of 0.2 V for more than one month 
before being transferred in the flow through MEC with closely spacing 
electrodes [30]. The current density was calculated by normalizing the 
current by the geometric cross-sectional area of the cell (A = 7 cm2). The 
performance of the anodes was compared to previously published work 

using the EPS method by linearizing a portion of the cell potential over a 
range of current density and measuring the electrical resistance in units 
of mΩ m2 [21–23]. The y-intercepts on the potential axis was used to 
calculate the experimental open circuit potentials. 

2.5. MEC assembly and operation 

The MEC was assembled as previously described [30], except it was 
modified to include a reference electrode (Fig. S6). Briefly, the accli
mated carbon felt anode was sandwiched with the MEA in a zero-gap 
cell. Two rubber gaskets (3 mm thickness) were used in the anode and 
cathode chambers, the anode chamber was completely occupied by the 
carbon felt while the cathode chamber was filled with a set of three 
plastic spacers placed between teh cathode and the end plate to maintain 
a zero-gap spacing between the electrodes. The total reactor volume was 
4.5 mL based on the empty anode and cathode chambers. Sodium ace
tate (2 g/L) in phosphate buffer 50 mM (PBS, 4.58 g L− 1 Na2HPO4, 2.45 
g L− 1 NaH2PO4⋅H2O, 0.31 g L− 1 NH4Cl, 0.13 g L− 1 KCl; σ = 7 mS/cm) 
amended with vitamin and mineral solutions was continuously recir
culated in the anode chamber at a flow rate of 10 mL/min (theoretical 
hydraulic retention time, HRT = 14 s) and replaced daily unless other
wise specified. The anolyte was sparged with N2 for approximately 15 
min before using it. There was no catholyte in the MEC and the head
space of a sealed glass container filled with deionized water was recir
culated at 5 mL/min (HRT = 27 s) in the cathode chamber to avoid gas 
accumulation past the cathode and provide water through the vapor 
stream for the HER. Deionized water used to develop a vapor feed at the 
cathode (never replaced) was sparged with N2 for approximately 15 min 
to remove oxygen from the solution only prior to startup of the MEC on 
day 1. To investigate the electrode performance in polarization tests, a 
novel MEC design was developed that allowed insertion of a reference 
electrode in the anode chamber. A threaded insert was added in the 
anode end plate and a low-profile Ag/AgCl reference electrode 
(RRPEAGCL – Pine Research) was used to monitor the electrode po
tential over time. A photo of the cell is reported in the Supporting 
Information. 

The MEC voltage was controlled through a power supply (3646A, 
Circuit Specialists) and the current was continuously monitored from 
the voltage drop measured across a 10 Ω resistor (Rext) connected in 
series with the MEC. The voltage of the MEC (Vcell) and the voltage 
applied by the instrument before Rext (Vapp) were continuously recorded 
every 20 min using a Keithley 2700. Vapp includes the voltage loss across 
the external resistor used to calculate the current produced by the MEC, 
while Vcell represents the actual cell voltage. The applied voltage was 
changed from − 0.8 V to − 1.2 V at 0.1 V steps (Vcell from − 0.67 V to 
− 0.86 V). Each applied voltage was maintained for at least 48 h. The 
whole cell and the individual electrode performance were analyzed 
using the EPS method as previously described [21]. The MEC ohmic 
resistance (RΩ), including solution, membrane and wiring RΩ in the 
assembled MEC was calculated using EIS. Current was normalized by the 
reactor cross-sectional area (7 cm2). 

The volume and purity of gas produced at the cathode was analyzed 

Fig. 1. Schematic of the NiMo catalyst synthesis using (A) an electron assisted method and (B) a hydrothermal synthesis.  
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using a gas chromatograph (SRI Instrument) equipped with a molecular 
sieve column. The gas volume produced was calculated following a 
previous method and compared with the theoretical H2 production rate 
based on the coulombs generated during each cycle to calculate the 
cathode Coulombic efficiency [38]. The hydrogen production rate was 
calculated by normalizing the volume of H2 produced for the overall 
MEC empty volume of 4.5 mL (anode + cathode chambers). The anode 
Coulombic efficiency was calculated as previously described based on 
the coulombs produced and the chemical oxygen demand (COD, 
TNTplus COD reagent; HACH) consumed [39]. 

3. Results and discussion 

3.1. NiMo material properties 

XPS analysis of the two samples indicated that the Mo:Ni ratio on the 
Ht sample was approximately 5× larger compared to the Elec sample, 
indicating an enrichment in Mo through the hydrothermal approach 
(Fig. 2, Table 1). In the Ht sample, approximately three Mo atoms were 
present on the surface for each Ni atom, while in the Elec sample, for 
each Mo atom two Ni atoms were present on the metal. In NiMo alloys 
for HER, the catalytic activity is primarily due to the Mo atoms on the 
surface, which leverage their d-band electronic structure similar to Pt to 
enable hydrogen evolution at high rate [9]. According to a previous 
study, the Ni and the NiMo facilitate the activity of the Mo atoms on the 
surface, providing a conductive support and optimal adsorption prop
erties for hydrogen [40]. Additionally, in the Elec sample, the portion of 
oxidized Ni was larger compared to the Ht sample, indicating a thicker 
oxide structure and thus likely a less conductive catalyst. Previous 
studies have reported that diminishing the oxide layer thickness on a 

Ni-based electrocatalysts, decreased the overpotential and boosted the 
electrochemical activity, likely by increasing the conductivity of the 
alloy [41]. 

The NiMo catalyst immobilized on a carbon cloth analyzed by SEM 
(Fig. 3) showed that the NiMo in the NiMo Ht sample was evenly 
distributed over the surface of the catalyst (Fig. 3C) compared to the 
formation of large NiMo clusters in the NiMo Elec sample (Fig. 3D). The 
difference in the catalyst distribution over the carbon cloth support was 
likely due to the different percentages of Ni and Mo in the catalysts and 
the possible interactions between the catalyst particles during ink 
preparation and spraying. If the metal clusters are not effectively 
dispersed during ink preparation, they can produce visible aggregations 
(Fig. 3D). During the Elec cathode preparation, the NiMo particles were 
assembling together, the main reason for the strong interaction between 
the NiMo Elec particles is not known. The NiMo Ht sample did not 
produce visible particle aggregates, and thus the catalyst appeared to be 
more evenly spread over the electrode (Fig. 3C). The SEM-EDS analysis 
revealed, in accordance with XPS, a larger ratio of Mo:Ni in the Ht 
sample compared to Elec (Fig. S7). However, the ratio was slightly 
smaller for the SEM-EDS analysis compared to XPS, likely due to the 
different sampling depth of the two techniques. This smaller ratio sug
gests a slightly variable elemental composition in function of the 
thickness and the fact that the XPS samples were pure NiMo while the 
EDS analysis was conducted on the blended NiMo/C catalyst sprayed on 
the carbon cloth and immobilized with the ionomer. 

3.2. Electrochemical characterization of the cathode catalysts 

Analysis of the LSVs revealed a large impact of the catalyst compo
sition on the cathode electrochemical performance (Fig. 4A). The 

Fig. 2. XPS spectra of the NiMo catalyst prepared using (A, B) a hydrothermal synthesis (NiMo Ht) and (B, D) an electron assisted method (NiMo Elec).  
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performance of the different catalysts was investigated using a similar 
loading (except for the pure carbon black, CB sample, where no catalyst 
was added) of 2 mg/cm2. NiMo Ht and Pt/C represented the best cata
lysts, producing the lowest overpotentials between the series, followed 
by NiMo Elec and CB. At 40 A/m2, the electrode potential for NiMo Ht 
was − 0.87 ± 0.00 V, approximately 120 mV more negative than that of 
Pt/C (− 0.75 ± 0.00 V). NiMo Elec required an electrode potential of 
− 1.02 ± 0.02 V at 40 A/m2, 17% percent larger than NiMo Ht while in 
the absence of catalyst the electrode potential was − 1.22 ± 0.01 V, 40% 
larger than NiMo Ht, indicating the superior activity of NiMo Ht for the 
HER compared to the other non-precious metal catalysts (Fig. 4B). The 
high activity of the NiMo Ht catalyst compared to NiMo Elec were likely 
due to the larger Mo content of the catalyst, as shown by the XPS and 
EDS analysis. Previous studies indicated that Mo plays a major role in 
HER catalysis likely due to the similar d-band electronic structure with 
Pt and represent the most active catalyst when blended with Ni [9]. The 
metallic Ni and the NiMo complexes provide a conductive matrix to the 
oxidized Mo species on the surface, preventing dissolution and modi
fying the electronic structure of the Mo, which catalyze the HER [40]. 

Increasing the catalyst loading from 2 mg/cm2 to 3 mg/cm2 reduced 
the electrode overpotential by 70 mV at a current density of 40 A/m2, 
from − 0.87 ± 0.00 V (2 mg/cm2) to − 0.80 ± 0.01 V (Fig. 4C). Further 
increasing the NiMo loading did not produce any significant increase of 
the catalytic activity. The NiMo Ht potential at 40 A/m2 with a catalyst 
loading of 3 mg/cm2 was only 50 mV more negative than the Pt/C at the 
same current density with a loading of 2 mg/cm2, indicating that a lower 
electrochemical activity of the NiMo Ht compared to Pt can be 
compensated in part by larger catalyst loading on the cathode. 

3.3. MEC performance using precious metal free cathodes 

The MEC using NiMo Ht as a cathode catalyst produced an average 
current density of 44.4 ± 0.9 A/m2 over a one-day cycle at a cell voltage 
of Vcell = –0.86 V (Vapp = 1.2 V) (Fig. 5A). Reducing the cell voltage 
diminished the driving force for the electrochemical reactions and thus 
decreased the current density. For example, the current density 
decreased to 37.2 ± 0.5 A/m2 at − 0.82 V, and to 30.1 ± 0.8 A/m2 at 
− 0.78 V. The maximum current density was stable over a one-day cycle 
and for consecutive cycles at different applied voltages. After 19 days 
from startup, at the maximum current density, the cycle length was 
extended to investigate the impact of the organic matter content on the 
MEC performance. The maximum current density remained stable over 
three consecutive days (from day 19 to day 22) at 45.0 ± 0.4 A/m2 and 
then quickly decreased to 32 ± 3 A/m2 after substrate was substantially 
depleted from the recycled anolyte, as indicated by a chemical oxygen 
demand in the solution below 229 ± 15 mg/L. Previous studies indi
cated that a minimum COD concentration larger than ~200 mg/L is 
needed in bioelectrochemical systems to sustain current generation and 
avoid large decrease in performance [42]. 

The average current density at each applied voltage was used to 
generate the polarization curve of the MEC (Fig. 5B). The MEC internal 
resistance was 6.9 ± 0.4 mΩ m2 and the minimum cell voltage to 
generate H2 was − 0.56 ± 0.01 V (onset voltage). In a previous study 
using the same MEC configuration with Pt/C as a cathode catalyst, the 
internal resistance was 6.8 ± 0.3 mΩ m2 with an onset voltage of − 0.50 
V [30], indicating the impact of the cathode catalyst. This comparison 
shows that replacing Pt with NiMo increased the onset voltage by 
approximately 60 mV, which is in reasonable agreement with our LSV 

Table 1 
Concentration of element in the prepared samples in atomic percentage.   

Molybdenum Nickel   

Sample Mototal Mo◦ MoO2 MoO3 Nitotal Ni as Ni(OH) x, Ni2O3 Ni metal O Mo:Ni 

NiMo Ht 24.4 / 15.1 9.3 8.0 6.9 1.1 58.8 3.1 
NiMo Elec 10.7 0.6 1.2 8.1 17.0 15.1 1.9 58.3 0.6  

Fig. 3. (A, B) SEM and (C, D) EDS mapping for O, Mo, Ni and C distribution of the NiMo catalyst sprayed on the carbon cloth prepared using (A, C) a hydrothermal 
preparation and (B, D) an electron assisted method. In the EDS photos C is colored in red, O in green, Ni in turquoise and Mo in purple. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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data showing that the NiMo Ht cathodes required 50 mV additional 
voltage to sustain a current density of 40 A/m2 compared to Pt/C. 

The MEC had an excellent rate of high purity H2 gas production with 
a Coulombic efficiency that approached 100% (Fig. 5C). At the lowest 
cell voltage of − 0.86 V, the volumetric H2 production rate was 81 ± 3 
LH2/L-d. This production rate was 13% larger than that previously ob
tained using a Pt/C cathode (72 ± 2 LH2/L-d) [30], likely due to the 
slightly larger current density of the MEC using NiMo (44.4 ± 0.9 A/m2, 
Ecell = − 0.86 V) compared to the previous MEC using a Pt catalyst (43.2 
± 1 A/m2, Ecell = − 0.79 V). More positive cell voltages reduced the 
current densities and diminished the H2 production rate. For example, 
H2 productivity was 48 ± 4 LH2/L-d at a cell voltage of − 0.78 V and 
further decreased to 29 ± 1 LH2/L-d at − 0.67 V. The high H2 production 
rate was due to the large current density of the cell and an average 
cathodic Coulombic efficiency of 97 ± 4% for all the cell voltage 
investigated. The anodic Coulombic efficiency was 98 ± 5% on average 
at all cell voltages, likely due to the absence of oxygen in the cell and the 
small anode chamber volume completely occupied by the anode carbon 
felt, which likely limited the growth of competitive cultures and enable a 
selective oxidation of acetate to electrons in the anode. 

3.4. Using a reference electrode in the zero-gap MEC to monitor the 
electrode performance 

To investigate the specific impact of the NiMo Ht catalyst on the MEC 
performance, the cell design was successfully modified to accommodate 
a reference electrode in close contact with the anode carbon felt 
(Fig. S6). A custom-made reference electrode was inserted through the 
anode end-plate to monitor the anode and cathode potential as the cell 
voltage was gradually changed over time (from Vcell = − 0.69 V to Vcell 
= − 0.94 V) (Fig. 5D, Fig. S8). At the most negative voltage the maximum 
current density was 48.2 ± 0.2 A/m2 which was higher than that pre
viously obtained in the absence of a reference electrode, even though a 
more positive voltage range was applied (from − 0.67 V to − 0.86 V). 
More negative voltages were not applied to avoid damaging the bio
anode, as previously shown [30]. The inclusion of the reference elec
trode slightly increases the MEC internal resistance from 6.9 ± 0.4 mΩ 
m2 to 7.6 ± 0.5 mΩ m2, with no appreciable impact on the onset voltage 
(− 0.57 ± 0.02 V). Based on the EPS analysis, the cathode resistance was 
5.3 ± 0.5 mΩ m2, representing 70% of the MEC resistance while the 
anode resistance was 1.4 ± 0.2 mΩ m2, corresponding to only 18% of 
the total internal resistance. The remaining 0.83 mΩ m2 (11%) was due 
to ohmic and membrane resistance. 

These results indicate that cathode resistance, which is typically 
dominated by the kinetics of the HER, is primarily controlling the MEC 
performance in the current density range examined here. Previous 
studies have shown that the cathode resistance quickly decreases as 
more negative voltages are applied and more current is produced. 
However, the bioanode overpotential does not just continuously in
crease with applied voltages as it cannot sustain large current densities 
and the bioanode fails if the cell voltage is set too negative [22]. Thus, 
future studies would need to consider both methods to avoid anode 
failure at high current densities while at the same time improving the 
cathode kinetics at low current densities in order to reduce the internal 
resistance. 

3.5. Impact of membrane thickness on MEC performance 

Reducing the membrane thickness from 75 μm to 50 μm produced a 
minimal decrease in the MEC total internal resistance from 6.9 ± 0.4 
mΩ m2 to 6.0 ± 0.6 mΩ m2 (Fig. 6A and B). The decrease in the internal 
resistance was due to the lower ohmic resistance of the cell, as shown by 
the EIS analysis (Fig. 6C). For example, the ohmic resistance measured 
with EIS decreased by an average of 47 ± 14% over the whole cell 
voltages, although the membrane thickness was decreased by 33% from 
75 μm to 50 μm. A slightly higher onset voltage was obtained in the MEC 

Fig. 4. (A) Electrochemical performance of the NiMo catalyst prepared using 
an electron assisted method (NiMo Elec) and a hydrothermal preparation (NiMo 
Ht) compared to carbon black (CB) and Pt/C LSVs. (B) Electrode potential at 40 
A m− 2 after IR correction. (C) Impact of NiMo Ht loading on the electrode 
performance. 
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with a 50 μm membrane (− 0.59 ± 0.02 V), however, it was not signif
icantly different from the onset voltage obtained with the 75 μm mem
brane (− 0.56 ± 0.01 V) based on the overlap of the standard deviations. 

3.6. Cost-performance analysis 

The performance of precious metal free MEC presented in this study 
was among the highest performance achieved in MEC with similar 
configuration and solution chemistry, and was higher than other MECs 
using more concentrated buffer and substrate. The maximum current 

density of the NiMo Ht MEC was 48.2 ± 0.2 A/m2 in the polarization 
curve, which is 12% higher than 43.2 ± 1.1 A/m2 previously obtained 
using a Pt/C cathode even though a more positive cell voltage of − 0.79 
V was applied in that study compared to − 0.94 V here [30]. The high 
current density coupled with Coulombic efficiencies >97% translated in 
a H2 production rate of 81 ± 3 LH2/L-d, which was 13% larger than that 
previously obtained using a Pt/C cathode (72 ± 2 LH2/L-d). 

Reducing the catalyst cost in MEC is fundamental and an important 
path forward for scaling up this technology. The largest portion of the 
cost in synthetizing the NiMo Ht catalyst was due to the Mo precursor ($ 

Fig. 5. MEC performance using NiMo Ht as a cathode catalyst. (A) MEC voltage (Ecell) and produced current density (J) over time using NiMo catalyst and (B) 
corresponding polarization curve. (C) Anodic and cathodic coulombic efficiency and hydrogen production rate. (D) Anode (An), cathode (Cat), and cell potential 
monitored with a reference electrode. Anode and cathode potentials were corrected for the ohmic resistance. 

Fig. 6. Impact of membrane thickness on the MEC performance. (A) MEC voltage and produced current density over time using a thin (50 μm) AEM and (B) 
corresponding polarization curve. (C) Comparison of the MEC ohmic resistance using a 50 μm and 75 μm AEM. 
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43.5/kg), accounting for 86% of the total catalyst price ($ 38.0/kg) 
assuming a Mo:Ni ratio of 3:1 as indicated by the XPS analysis, while Ni 
accounts for only 14% ($ 21.4/kg). Compared to the value of Pt ($ 
28,020/kg), the NiMo Ht catalyst can cost approximately 700× less, 
producing similar current density at the expense of an additional 50 mV 
overpotential in the current density range investigated here. The NiMo 
Ht MEC produced stable performance over the duration of the analysis of 
more that 30 days (Fig. S9). Therefore, the NiMo catalyst developed here 
represents an inexpensive approach toward stable and high performance 
MEC. Future studies should focus on the scale up of the technology, 
producing H2 from organic matter at the relevant scale. 

4. Conclusions 

A NiMo catalyst showing superior performance for the HER was 
synthesized following either an electron assisted approach or a hydro
thermal synthesis method. The hydrothermal preparation route 
enriched the catalyst surface with Mo atoms, enabling higher perfor
mance compared to the electron-assisted synthesis. The largest 
maximum current density reported to date of 48.2 ± 0.2 A/m2 was 
obtained in the polarization curve using the NiMo Ht cathode catalyst in 
the MEC, while the H2 productivity was 81 ± 3 LH2/L-d with anode 
Coulombic efficiency of 105 ± 7% and cathode efficiency of 103 ± 6% 
at a cell voltage of Vcell = − 0.86 V. Using a reference electrode in an 
improved MEC design, the cathode resistance (5.3 ± 0.5 mΩ m2) has 
been shown to dominate the MEC internal resistance (7.6 ± 0.5 mΩ m2), 
contributing by 70% to it, while anode (1.4 ± 0.2 mΩ m2) and ohmic 
resistance (0.83 mΩ m2) together contributed for the remainder. NiMo 
therefore is an optimal choice for an MEC cathode catalyst since it can 
produce performance similar to that of a Pt catalyst, but at only a 
fraction of the cost, facilitating the further development of low-cost 
large-scale cathodes. 
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