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HIGHLIGHTS

¢ Bioelectrodes in the MEC were enriched simultaneously and stable operated over a year.
o The highest hydrogen production (5.9 L Hy/m? cathode/day) occurred at 1.0 V.

¢ PH divergence was inevitable between the chambers and at its maximum after >1.0 V.

¢ High applied voltage (>1.2 V) had adverse effect against bioanode.

e Overall energy efficiency was 29.4% and bioanode provided almost 1/3 of the total energy.
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ABSTRACT

The effect of the operating voltage on the performance of a microbial electrolysis cell (MEC)
equipped with both a bioanode and a biocathode for hydrogen production is reported.
Chronoamperometry tests ranged between 0.3 and 2.0 V were carried out after both bio-
electrodes were developed. A maximum current density up to 1.6 A m 2 was recorded at
1.0 V with hydrogen production rate of nearly 6.0 + 1.5 L. m~2 cathode day *. Trace amounts
of methane, acetone and formate were detected in cathode's headspace and catholyte
which followed the same trend as hydrogen production rate. Meanwhile substrate con-
sumption in anolyte also followed the trend of hydrogen production and current density
changes. The bioanode could utilise up to 95% of acetate in the tested voltage ranges,
however, at a cell voltage of 2.0 V the bioanode's activity stopped due to oxygen evolution
from water hydrolysis. Cyclic voltammograms revealed that the bioanode activity was vital
to maintain the functionality of the whole system. The biocathode relied on the bioanode
to maintain its potential during the hydrogen evolution. The overall energy efficiency
recovered from both bioanode and external power in terms of hydrogen production at the
cathode was determined as 29.4 + 9.0%, within which substrate oxidation contributed up to
nearly 1/3 of the total energy marking the importance of bioanode recovering energy from
wastewater to reduce the external power supply.
© 2019 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Bioanodes in bioelectrochemical systems (BES) have been
extensively studied and it was reported that negative poten-
tials ranging from —0.28 to —0.41 V vs. Standard Hydrogen
Electrode (SHE) could be achieved, depending on the sub-
strates and microbial communities [1—6]. For instance, ace-
tate- and glucose-fed bioanodes can reach —0.22 Vand —0.43V
vs. SHE respectively, while open circuit potentials (OCPs) for
most bioanodes fed with real wastewaters were reported
around —0.33 V vs. SHE [7,8]. In a previous study, we showed
that the bioanode is the limiting factor capping the perfor-
mance of microbial electrolysis cell (MEC) [9]. External energy
is needed to drive hydrogen production from water electrol-
ysis in a MEC, and when the applied potential was raised
beyond the limit of bioanode, it lost its biotic function to
perform substrate oxidation activity. Abiotic oxygen evolution
reaction (OER) started to dominate at the anode when bio-
anode could not provide sufficient electron to the system
causing the overshoot of anode potential to more positive [9].
Therefore, it is important to understand the behaviour of
bioanode in terms of electrochemical properties and catalytic
activities when it is integrated in a MEC alongside with a
biocathode.

Up to date, most of the reduction processes involving bio-
cathodes are related with the reduction of CO, and proton into
desired products such as CH,, H,, acetate, formate, ethanol,
butanol, etc. [10—14]. Theoretically, the reduction potentials
for these products range from —0.24 to —0.41 V vs. SHE. For
example, HCO3/CHy (E°’ = —0.24 V; 8e™); H"/H, (E°’ = - 041V,
2e7); HCO3/CH;COOH (E°’ = —0.28 V; 8e); HCO3/C,HsOH
(B = —0.31 V; 12e7); HCO3/HCOOH (E*’ = - 0.41 V; 2e7) in
standard conditions of 1 M reactant in water pH 7.0 at 1 atm
and 25 °C [8,15,16]. In real conditions, parameters like pH,
conductivity and temperature could further increase the po-
tential threshold required to more negative. In the case of
protons reduction to hydrogen, the potential varies between
0.00 and —0.83 V depending on the solution pH (H"/H, acidic:
0.00 V; neutral: —0.41V; alkaline: —0.83 V) causing the increase
of the energy input required. Both Rozendal [17] and Jer-
emiasse [18] regulated pH at neutral in their hydrogen-
producing biocathode and managed to reduce proton reduc-
tion potential to at least —0.5 V which was determined by
chronoamperometry method. Without a stable pH control, the
reduction potential could move to more negative than —0.5 V
proportionally to the shift of catholyte pH which may require
extra input of external power supply [9,10,19].

Theoretically, an external additional voltage of at least
0.13 Vis required between the acetate-oxidising bioanode and
hydrogen-producing biocathode to drive the oxidation-
reduction process in BES. In spite of that, applied voltages
higher than 0.5 V were used in most studies considering
overpotentials caused by the system and energy losses due to
microorganism metabolic activities [18,20,21]. Studies aiming
in reducing overpotentials and cutting down operation cost
and development time have been carried out [8,22,23].
Nevertheless, some answers still remain elusive when both
bioanode and biocathode are operated in the same system. In
order to fully understand and control these systems, better

understanding of optimum operational environments for
bioelectrodes (e.g. pH, conductivity, cell voltage), time of
growth for both bioanode and biocathode (e.g. 1 vs. 4 weeks),
optimum reducing power or potential required by biocathodes
to produce certain products (e.g. HCO3/CH3;COO™ E°’ =-0.28 V
vs. H/H? E~ = -0.41 V) when coupled with bioanode for
wastewater treatment and most importantly interaction of
bioanode and biocathode in a single cell system (e.g. current
response and how biofilms evolve) even during the beginning
of the enrichments is still needed.

A MEC fully catalysed by microorganisms for the purpose
of hydrogen production and wastewater treatment was
demonstrated by Jeremiasse [18] for the first time. Although
the current density increased during enrichment and main-
tained at significant level (1.9-3.3 A m~?), the whole system
still suffered from a low hydrogen recovery at the cathode
(17—21%) for a cathode potential of —0.7 V (pH on anode and
cathode were controlled at 7.0). The authors also reported
other limitations in the system including the precipitation of
calcium phosphate on the cathode's surface blocking
hydrogen evolution under low reduction potential and
methanogen contamination after long term operation. How-
ever, no further study was conducted to overcome these is-
sues. Kumar [24] discussed the efficiency of biocathode
hydrogen production through a start-up viewpoint. In the re-
view, they surveyed the main influencing factors and methods
from literature included the selection of inocula, bioelectrode
enrichment and acclimation, operating conditions and cell
architectures. They concluded that proper start-up factors
and methods are the keys for long-term viability and effec-
tiveness of a MEC fully catalysed by microorganisms. In fact,
the usage of microorganisms as biocatalyst in the system can
reduce the cost of investment because they can multiple as
long as the environment favours the growth. Similar to the
MEC system mentioned above, Coma [25] and Luo [26], in
different studies, showed that sulphate-reducing biocathode
can be enriched and acclimatised simultaneously with a
electricity-generating bioanode in a single BES for the purpose
of sulphate removal. In Coma [25]'s results, the interaction of
the bioelectrodes and their potentials and electrolyte evolve-
ments based on applied voltage were presented. They also
found that the anode potential was gradually increasing
throughout the study with no substrate oxidation at the
anode. The phenomenon was most likely caused by a weak
bioanode and the entire anode reaction was dominated by
abiotic OER instead of electroactive microorganisms. Mean-
while, Luo [26] improved the system by imposing pH control
and feeding mode in cathode. Even though the sulphate
removal increased, the contribution of bioanode to the whole
system was not studied. Nevertheless, both studies presented
by Coma [25] and Luo [26] were focused on sulphate removal
and not hydrogen production in the cathode.

The aim of this experiment is to study the interactions
between the electricity-generating bioanode and hydrogen-
producing biocathode under a range of applied cell voltages.
The evolution of the bioelectrodes during the enrichment
process and chronoamperometry tests were observed. In
addition, effluents from each tests were collected and ana-
lysed to support the study. At the end of the study, energy
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recovery and contribution between bioelectrodes and power
supply for hydrogen production were determined.

Materials and methods
Cell setup, enrichment and operation

Two-chamber MECs were assembled according to Lim [9] with
plain graphite felt as both anode and cathode unless stated
otherwise. Inoculum for both anode and cathode was
collected from a parent microbial fuel cell fed with glucose
and glutamic acid and operated over a year. The community of
the inoculum was previously determined and shown to be
dominated by Geobacter sp. [4]. Anodic medium consisted of
50 mM mono- and di-sodium phosphate buffer (PBS) pH 7.0,
10 mM sodium acetate, 5 mM ammonium chloride, 10 mL
trace minerals and 10 mL vitamins, as reported elsewhere [9]
while cathodic medium contained 50 mM PBS, 10 mM KHCOs,
5 mM ammonium chloride, 3 mM magnesium sulphate and
1mL trace element mixtures [17]. The media were purged with
99.999% N, for 15 min before being injected into each chamber
with inoculum in a ratio of 1:1. The cells were left overnight
before a constant cell voltage of 0.3 V was applied between
anode and cathode. The applied voltage was chosen as
acetate-fed bioanode was used in this study. The lowest po-
tential that most acetate-fed bioanode can reach is around
—0.22 V compared to standard reduction potential of acetate
which is —0.28 V [9,27]. Such bioanodes are commonly used in
laboratory conditions because of their stable and consistent
current generation. In order to couple bioanodes and bio-
cathodes reactions into a single cell, a minimum external
power supply of [X - (—0.22)] V is required, where X is the
reduction potential of desired product. In this study, the
objective is to develop a hydrogen-producing biocathode [Hy/
H* E® = —0.41 V] at neutral pH. According to the consider-
ations explained above, the minimum theoretical applied cell
voltage was determined as 0.19 V but 0.30 V was chosen as a
starting potential to take into account the energy losses and
overpotentials at both electrodes. The media of both anode
and cathode were replaced when the current of the cells
dropped to less than 10% of peak current. Once the bio-
electrodes were developed, the feed of anode was changed
from batch to fed-batch mode using pre-set on-off timer
(Electric Timer Switch ETU17, Timeguard, UK) and a peristaltic
pump (Watson Marlow 120U/DM3, UK). The timer was set ‘on’
for 10min for every 6 h gap and the peristatic pump was set at
flowrate of 3 mL min™ unless stated otherwise. Experiments
were carried out in duplicates. The rest of the operational
conditions are summarised in Supplementary data: Table S1.

Electrochemical methods

Potential monitoring: A multichannel data logger (NI-USB-
6225, National Instruments, UK) was used to monitor the cell
and electrode potentials throughout the experiments. Cell
voltage was measured between anode and cathode while half-
cell potentials were measured between the anode or cathode
and reference electrodes (RE-5B Ag/AgCl, BASi, USA) located in
the corresponding chamber. All potential values except

applied cell voltage were reported vs. SHE unless stated
otherwise.

Electrochemical impedance spectroscopy (EIS): A poten-
tiostat (PGSTAT128N, Metrohm, Netherlands) equipped with
FRA32M module was used for this analysis. Four spectrograms
were recorded for each cell; (a) cathode-anode, (b) cathode
only, (c) anode only and (d) membrane only. The sum of in-
ternal resistances (b) + (c) + (d) should be equal to the value
from (a). Analysis frequencies were ranged from 100.000 to
0.01 Hz at open circuit potential.

Cyclic voltammetry (CV): A multichannel potentiostat
(Quad, Whistonbrook Technologies, UK) was used to perform
the cyclic voltammetry. Voltammograms were taken for both
anode and cathode in order to assess their catalytic activity.
Cathode was scanned from 0 to —1.0 V vs. SHE and anode from
—0.6 to +0.4 V vs. SHE. At least two cycles were recorded and
the second cycles are presented in the results. All CVs were
performed at scan rate of 0.001 Vs~ ™.

Chronoamperometry (CA): The same potentiostat (Quad,
Whistonbrook Technologies, UK) was used to control the cell
voltage during the chronoamperometry experiments. A fixed
voltage of 0.3 V was applied during the enrichment process
unless stated otherwise. CA tests were performed to deter-
mine the performance of bioelectrodes especially in bio-
cathode in terms of soluble organic matters and hydrogen
generation. Ranging from 0.3 V to 2.0 V, the cell voltage was
applied for two days before changing to another applied
voltage in an increment order of 0.1 or 0.2 V.

Analytical methods

pH and conductivity: pH and conductivity were measured
using a portable pH meter (HI9025 microcomputer pH meter,
Hanna Instruments, UK) and conductivity meter (HI 8733,
Hanna Instrument, UK), respectively. All samples were filtered
through 0.2 um syringe filters to remove suspended solid and
biomass before measurements.

Total organic/inorganic carbons (TOC): A total carbon
analyser (TOC-5050A, Shimadzu, UK) equipped with an auto-
sampler (ASI-5000A, Shimadzu, UK) was used for this analysis.
At least 5 mL were sampled and filtered on 0.2 um syringe
filters. Total organic compounds
described as organic carbon concentration relatively to carbon
dioxide. All values were reported in mg HCO3 equivalent L™,
Considering that the mineralisation of 1 mol of acetate pro-
duces 2 mol of carbon dioxide, 1 g per litre sodium acetate will
produce about 1.073 g CO, L~ Results were cross checked
with acetate concentration quantified by gas chromatography
and found consistent within 10% error.

Short-chain fatty acids (SCFA): The presence of fatty acids
was analysed using a gas chromatography (Tracera GC-2010
Plus, Shimadzu, UK) equipped with Barrier Ionization
Discharge (BID) detector (280 °C) and autosampler (AOC-20i,
Shimadzu, UK). A column (Zebron ZB-WAX-Plus capillary
column 30 m x 0.25 mm x 0.25 uym, Phenomenex, UK) was
used to separate the compounds and operated with a tem-
perature profile of 50 °C for 1 min to 180 °C at 30 °C min* to
180 °C for 8 min. The injection port was set at 180 °C with split
ratio 10:1 under 1.0 pL injection sample while the detector was
maintained at 280 °C. The carrier gas was high purity grade

concentration were
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helium (99.999% BOC, UK) and was maintained at constant
flow 2.0 mL min™. All samples were filtered with 0.2 um sy-
ringe filters and then acidified with HCI 1.0M with ratio of 9:1
prior analysis.

Energy recovery

The energy produced by the bioanode and consumed by the
biocathode was calculated to evaluate the overall efficiency of
the system studied. The energy recovery and efficiency were
determined based on acetate as the sole carbon source at the
anode and hydrogen as the main product at the cathode. The
efficiency of the hydrogen recovery from cathode, r.,: was
determined based on Faraday's law of electrolysis process as:

rCat(%) = Qrecovery / Qt x 100% (1)

where Qrecovery (C) = n-F-z is the charge consumed to reduce
protons to hydrogen, n is hydrogen produced in mole, F is
Faraday constant (96485 C mol %), z is the valency number of
hydrogen formation which is 2 [2H" + 2e~ — H,]. Meanwhile,
Q: (C) = [ I (t) dtis total charge supplied from the power supply
and anode, or in other term total charge transferred between
anode and cathode.

Meanwhile anodic columbic efficiency was obtained ac-
cording to [28]:

Tce (%) =Q / Qoxidise X 100% (2)

where Qoxigise is charge produced from substrate oxidation (C)
which is equalled to S-b-F-V,, S is substrate consumed (mol
L7, bis stoichiometric number of electron produced per mole
of acetate oxidised which is 8 [CH;COOH + 2H,0 —
2C0, + 8H'), F is Faraday constant (96485 C mol %) and V; is
anodic reactor volume (0.025 L).

The overall energy efficiency ne.s of the system is calcu-
lated based on [29]:

Ness(%) = Wh / (We+Ws) x 100% 3

where Wy, W, and W (J) are the energy contents of hydrogen,
supplied electrical energy and energy released from substrate
oxidation, respectively. The standard enthalpy of combustion
for hydrogen and acetate are 285.83 kJ mol ' and
870.28 kJ mol?, respectively. Therefore, Wy, and W, were
calculated by multiplying the enthalpy values with total moles
of hydrogen produced and acetate consumed. Meanwhile, W,
was computed by multiplying the applied voltage value with
the total charge flow between the anode and cathode which is
also equalled to Q;.

The energy yield relative to the electrical input can be
expressed as follows:

Ne(%) =W / W, x 100% (4)
and the energy yield relative to the substrate oxidation

(acetate) is:

ns(%) = Wi, / Wy x 100% )

The energy contribution by external power input (e¢) and
substrate (eg) in the system at specific applied voltage were
calculated as

ee =W, / (We+W5) x 100% ©6)

es=Ws / (We+Ws) x 100% )

Results and discussion
Enrichment and operation of bioelectrodes

Both bioanodes and biocathodes were enriched simulta-
neously at a fix cell potential of 0.30 V after being left for four
days at OCP. Fig. 1 (al), (a2) and (a3) shows the potential pro-
files of anode and cathode during the enrichment period as
well as the current density profile in (b1), (b2) and (b3). As can
be seen in Fig. 1 (al), the anode potential was about +0.20 V
when 0.30 V was first applied (4.6 days) before starting to
decrease within a day to —0.10 V (7.4 days) and reaching nearly
—0.48 V after the medium was replaced for the second time
(8.3 days). On the other hand, the current density increased
within 10 days of operation, confirming the growth of the
bioanode. Meanwhile, the cathode potential followed the
trend of the anode, reaching —0.76 V after the second cycle.
The bioanode developed quicker and dragged the cathode
potential down to more negative. This lower potential created
more suitable conditions for the biocathode development
which in turn favoured protons and CO, reduction. After then,
both anode and cathode media were changed according to the
bioanode cycle, i.e. every 3—4 days. It is believed that anode
reaction was faster than cathode reaction as substrate is being
oxidised at the anode, in opposition to products being gener-
ated at the cathode (e.g. fatty acids and hydrogen in this case)
[12,13,30,31]. A further small drop of cathode potential was
observed at 60 days (Fig. 1 (al)) but no significant current
increased until 130 days (Fig. 1 (b1)). This increase was most
likely associated with the biocathode enrichment which re-
quires longer time to enrich than the bioanode [13,31].

Chronoamperometry test and hydrogen production

In order to understand the behaviour of each electrode and
their interaction at different applied cell voltages, the cells
were subjected to a range of voltage from 0.3 to 2.0 V with
tested period of two days for each voltage between 286 and 319
days [13,31]. Fig. 2 shows the monitored voltage, potentials
and current densities during the chronoamperometry exper-
iments summarised in Supplementary data: Table S1,
whereas Fig. 3 shows the corresponding hydrogen and other
organics production rates in the cathodic compartment. Both
the oxidation of acetate at the anode and the hydrogen pro-
duction at the cathode started when the applied voltage
reached 0.7 V, as shown in Figs. 2 and 3. Above 0.7 V, the
cathode potential was more positive than —1.0 V, thus not low
enough to support the hydrogen production of hydrogen. In
previous studies, convincing evidences showed that the
hydrogen production in this system was a combination of
biotic and abiotic proton reduction activities [9,21]. Biotic
hydrogen production rate prevailed and increased signifi-
cantly when the cathode potential was set at —0.8 V and
below. The cell voltage was around 0.6 V before it started to
increase as compared to a control (without added inoculum).
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Fig. 1 — The profile of (a) electrode potentials and (b) current density for the microbial electrolysis cell with functional
bioelectrodes. Data for (a1) and (b1) were collected during the enrichment step at 0.3 V while (a2), (b2), (a3) and (b3) consist of
several tests including chronoamperometry tests (sequential order of applied voltages) with the applied voltages ranging
between 0.3 and 2.0 V. Note: the noise noticeable in the figures especially for the current density is due to the cell cycles
when substrate is depleted and medium is replaced (See the zoom-in profile in (b2)).

It is fair to infer in this study with the same setup similar
activities occurred in the so called “biocathode” increasing the
total hydrogen production ability. Below these applied volt-
ages, excess electrons were accumulated in bioanode instead
of being used in biocathode. These observations are consis-
tent with the very low H, concentration measured in the
headspace for applied potentials below 0.7 V (Fig. 3 (a)). At
0.7 V and above, the oxidation potential at the anode
increased thus inducing the reduction of protons and CO, at
the cathode by supplying more electrons. At this point, the
cathode potential reached almost —1.0 V with the lowest po-
tential recorded as —1.1 V. It is believed that pH variation
affected the cathode potential and performance, as will be
discussed in the next section ‘Section Electrolyte properties:
electrolyte properties’.

Due to the faster growth of bioanode than biocathode (days
vs. weeks) and microbiological characteristics (organotrophs
vs. chemoautotrophs) [5,11,13,31-33], the catholyte was
replaced after two feed cycles of bioanode. Since then the
bioanode potential kept evolving and increasing according to
its feed cycles at higher applied voltages. In contrast, for cell
voltages higher than 0.7 V, the biocathode potential reached

about —1.1 V and remained fairly constant until the end of the
experiment. As shown in Fig. 3 (a), a cell voltage of 1.0 V
(corresponding cathode potential —1.1 V) appeared as optimal
considering the volume of hydrogen measured, which was
also consistent with other studies [9,10,17,21,31]. The test was
carried out until the bioanode failed to oxidise substrate and
produce electrons, which occurred at applied voltage of 2.0 V,
where a decrease in current density, lower hydrogen pro-
duction and acetate removal rates were observed (see ‘Section
Bioelectrode limitation at high applied voltage: Bioelectrode
limitation at high applied voltage’). It can be assumed that the
higher oxidation potential induced abiotic reactions especially
oxygen evolution harming the anaerobic bioanode [9].

These results show that for cell voltages lower than 2.0 V,
the role and performance of the bioanode are critical for the
viability of the whole system. Indeed, as the catalytic activity
of the bioanode collapses, the hydrogen generation rate drops.
Although the cathode potential remained constant, the loss of
the biocatalytic activity at the anode resulted in a lower cur-
rent density. The current density profile in Fig. 2 (b) indicates
the rate of electrochemical reactions in the system where the
optimised applied voltage should lay in between 0.7 and 1.8 V.
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during the chronoamperometry test.

Further investigation on the hydrogen evolution rate in Fig. 3
(a) narrowed down the applied voltage to a range from 0.9 to
1.2 V with a maximum hydrogen production rate measured at
1.0V.

Fig. 3 (b) and (c) presents the total organic/inorganic carbon
concentrations in anode and cathode effluents and the
organic compounds measured in the catholyte at the end of
each chronoamperometry test. Sodium acetate was added
into the anolyte as the main carbon source for
electrochemically-active microbes to conserve energy and
produce electrons. At the beginning of the enrichment, the
anolyte and catholyte were replaced according to the cell
current density and potential of the anode. As total organic
carbon concentration (<5.0 mg L.~ and hydrogen production
were negligible in the cathode compartment, the catholyte
was eventually replaced according to every two to four anode
cycles before starting the chronoamperometry experiments.
The aim is to increase the accumulation of trace amount of

CO,-reduced compounds such as acetate which in turn pro-
vides better condition for hydrogen-producing bacteria to
grow during the start-up period [34,35]. At the end of each
cycle, effluents were collected and analysed to identify the
total carbon (TC) in the form of carbon dioxide equivalent
(Fig. 3 (c)) and content of volatile fatty acids (VFAs) (Fig. 3 (d)).
VFAs have been reported in biocathode studies including ac-
etate (C2) and butyrate (C4) [13,15]. Recently, even longer chain
fatty acids and alcohols such as caproate (C6) and butanol (C4)
were synthesised from a biocathode [11,12,14]. However, the
production of such carbon compounds require longer time of
operation, low potential (<-0.85 V vs. SHE) and low pH control
(5.8) conditions in order to accumulate the desired products
up to significant concentrations (e.g. 0.55 gnC6 L~ day* [11]).

As shown in Fig. 3 (b), the organic carbon removal (or ac-
etate consumption) was consistent with hydrogen production,
pH and conductivity value shifts except at 2.0 V applied
voltage. At the anode, the result caused the potential shifted
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more positive in order to increase acetate oxidation and
electron supply [9]. However, as discussed above, the biotic
oxidation of acetate significantly dropped at 2.0 V applied
voltage when the anode potential exceeded +1.0 V vs. SHE,

which was characterised by the accumulation of organic
carbon in the anolyte, as depicted in Fig. 3 (b). The organic
carbon in fresh anode medium was higher at the beginning
due to the added acetate, low concentration of organic and
inorganic carbons was detected in the effluent of the anode.
Small amount of CO, was generated through the oxidation of
acetate contributing to the inorganic value in the effluents
[33].

The accumulation of organic carbon in the catholyte was
low (10 mg CO, L") compared to inorganic carbon concen-
tration but higher than in the control effluent sampled at the
same time (by 10—30%, data not shown). The low concentra-
tions measured can be associated with the slow kinetics of
formation of organic carbon-based compounds at the cathode
and slow development of the biocathodes which typically
require weeks or months under low poised potentials
[11-13,30—32,36]. In addition, cell voltages were only applied
for two days, which did not allow the accumulation of sig-
nificant amounts of organic compounds in this experiment.
The accumulation of hydrogen in the cathode environment
could trigger the growth of methanogens which in turn pro-
duce methane and reduce hydrogen yield [21,30,37]. This
phenomenon was somehow noticed in Fig. 3 (a), although
methane concentrations detected in this experiment were
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Warburg diffusion element, and T = finite diffusion element.

very low (about 0.04 L. CHy m~2 day ). In comparison with
anode effluents, the trend of organic carbon of cathode
showed almost the same values across the applied voltages
with slightly higher than control (without applied voltage,
data not shown). However, inorganic carbon in the form of
carbonates appeared significantly in cathode effluent indi-
cating the carbonates (produced from acetate oxidation)
diffused through membrane from the anodic chamber and
accumulated in the catholyte as presented in Fig. 3 (b) and (c).
Concentration differential and pH gradient (See Section
Electrolyte properties: Fig. 4 (a)) between the chambers trig-
gered the migration of the carbonates into cathodic chamber.

Electrolyte properties

Fig. 4 displays the profile of pH and conductivity of the anodic
and cathodic effluents based on applied voltages. Media used
in the tests and control cell have been included in the same
figure to facilitate comparisons. No significant change in pH
and conductivity was observed for applied cell voltages be-
tween 0.3 and 0.5 V. The pH and conductivity values remained
unchanged around 7.0 and 7.0 mS m 7, respectively. However

a significant shift of conductivity in anode and cathode ef-
fluents from 7.0 to nearly 8.0 and 6.5 mS m~* were measured
at applied potential of 0.3 V, respectively. At applied potentials
of 0.5 V and higher, the pH and conductivity of anodic efflu-
ents decreased from 7.0 to 6.0 and 6.0 to 5.0 mS m™’ respec-
tively and remained constant after 0.7 V. On the other hand,
the pH and conductivity of cathodic effluents increased from
7.0 t0 9.7 and 8.0 to 8.5 mS m™?, respectively between 0.5 and
1.0 V. The pH and conductivity values remained plateau after
1.0 V and above. In summary, the pH of anode decreased due
to acetate oxidation process releasing protons in to the solu-
tion [2,4,38]. The reduction of substrate to low weight com-
pounds also reduce the ionic strength of the solution causing
the conductivity to fall. Meanwhile, the cathode pH increased
as protons were constantly removed from the solution to form
hydrogen [18,34]. Therefore, the conductivity value increased
at higher applied voltages.

Bioelectrode limitation at high applied voltage

After chronoamperometry at 2.0 V, cyclic voltammograms
and electrochemical impedance were recorded for the anode
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o~ and cathode (Fig. 5). As depicted in Fig. 5 (a), there was a
= ) <l T %3 N significant drop in the catalytic current associated with the
g E ':‘_ oxidation of acetate by the bioanode after the tests, which is
% é > in agreement with the drop of current densities observed at
T = = @ i i % such high voltages. The bioanode activity was clearly hin-
dered which could be the result of toxic compounds being
produced from abiotic oxidation. In addition, the anode po-
= . § § g tential reached 1.0 V when a 2.0 V cell voltage was applied, as
g S S o can be seen in Fig. 2 (a). At such a high potential, water hy-
5 drolysis is likely to occur, thus leading to oxygen and hy-
a o droxides which are harmful to anaerobic bioanodes.
’% £ S E § 8 However, Fig. 5 (b) shows that the biocathode maintained its
& 3 TeseE catalytic activity. It can be observed from the figure that
ﬁ e reduction activity became more important in the region
*é © s sl below —0.9 V. Furthermore, small oxidation and reduction
[ o S oo peaks can also be noted around —0.7 and —0.3 V in the bio-
?“j cathode compared to the control. It was previously reported
g- I that the oxidation peak is associated with the oxidation of
= alg23s hydrogen oxidation on the reverse scan of the hydrogen
evolution reaction [9,10,19]. When a new CV scan was recor-
ded in a smaller window between —0.8 and 0 V (data not
. o H 5 % °;°' shown) instead of —1.0 and 0 V (as in Fig. 5 (b)), the —-0.7 V
. @S 8 S oo oxidation peak became insignificant. These redox features
QE, é é 'g = are attributed to the reversible catalytic activity of hydroge-
@ § “,g E‘ N nase. On the other hand, the reduction peak is possibly due to
= = a § § 5 non-hydrogen-producing activity and might be related to the
formation of organic carbons such as acetate [9].
The growth of biofilms on the surface of the anode and
a 42 LS cathode was analysed by electrochemical impedance spec-
3 é cee troscopy (EIS). Fig. 5 (c) present the spectrograms recorded for
ES é 0 & the cell (between the anode and cathode).
< OB &”3 olEmE s The semicircle with a tail observed in the spectrograms can
e @ be explained with an electrochemical equivalent circuit called
on a Randles circuit [39—43]. The modified circuit and its simpli-
E © O o™ fied form are shown in Fig. 5 (d) and the coefficients from the
po - o H § g § fitted models are reported in Table 1. The former circuit rep-
2 5 g resents both the anode and cathode in the cell while the latter
‘g QEJ a is simplified by combining similar behaviour in both the anode
's' v B3 - 0:“ § g and cathode to single elements [39,40]. The simplified circuit
T'; LS S oo consisted of two resistances, R; and R,, one constant phase
5 e element Q, and two diffusion properties W and T. R, repre-
g g o o - sents the solution resistance and R, the charge transfer
g g o H '§ g § resistance which is related to the conductivity of solid mate-
- © g S o o rials in the cell. Q depicts the imperfect capacitance behaviour
‘g -:.5 in the system. The imperfections are usually caused by the
2 sg: © o o biofilm growth on the electrode surface and by the electrode
£ = TO} S48 material used in the system. Meanwhile W is the Warburg
g S oo 35:2 diffusion, and T is the finite diffusion coefficient which rep-
° 5 resents diffusion across the biofilm layers and porous elec-
; © o ~ E trodes [43].. o N .
Ef - ¢ H33S| & As depicted in Fig. 5 (c), the semicircle representing the
SE E - E internal resistance of the cell is more apparent in the MEC
‘s‘ % o & £ than in the control and initial results, as layers of biofilm
E a R G| i E g were actively growing and attaching onto the electrode's
"qo'j éﬂ surface. Based on the results determined from the equiva-
%) g lent circuit in Fig. 5 (d), the internal resistances dropped from
Fl‘ = “: 4 9.21 Q (Initial) to 8.44 @ (Control) and 8.89 Q. As presented in
K] g8 |u Table 1, the charge transfer resistance slightly decreased
"E @ 5 § é f compared to the initial value, which can be attributed to the
attachment of electrochemically active microbes on the
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electrode, changing its surface morphology and electro-
chemical properties [19]. However, solution resistance
decreased disproportionally to the charge transfer resis-
tance. Depletion of reactants and accumulation of products
in the solutions were probably the main factors affecting
the solution properties and the resistance. In contrast,
constant phase element impedance value increased due to
the increase of the biofilm thickness and the accumulation
of older layers. Meanwhile the tails of the spectrograms
represent the diffusion behaviours W and T of the biofilms
and porous electrodes. The angle of the tail remained
slightly lower after the chronoamperometry test which
means that the diffusion properties also slightly changed
compared to the control and initial results [39—42].

Energy recovery and contribution

Fig. 6 presents the energy recovery, overall efficiency and
energy contribution of this study. Based on Fig. 6 (a), the
Coulombic efficiency Rcg, and substrate oxidation energy
yield ns, were determined based on the acetate removal at
the anode. R¢g increased from 0% at 0.3 V to a peak value of
322% at 0.7 V before it dropped and reached a plateau of
about 170% after 1.4 V. The cathodic recovery Rg,: and
external input energy yield n. were calculated based on
hydrogen detected at the cathode. Rc, increased slower
than Rcg from 0% at 0.3 V to 57% at 1.0 V and remained
constant after 0.5 V.

As can be seen in Fig. 6 (b), the trends of energy effi-
ciencies ne, ns, and me,swere similar. However, ng had the
highest value compared to the other followed by ne and ne,s.
All three efficiencies increased at 0.5 V and peaked at 1.0 V
before decreasing until to 1.4 V to remain stable. A sudden
drop at 2.0 V can also be noted in the figures due to the loss of
the bioanode activity. Even though ns was higher, overall
efficiency, ns,e was low as a result of low a ne value, The best
Nste that could be achieved in this study is 29.4% at 1.0 V
applied voltage. The difference in efficiencies at the anode
and cathode is related to the different bacterial communities
involved at each electrode (e.g. electrogens vs. autotrophs)
catalysing different reactions (oxidation vs. reduction) at
different reaction rates (e.g. days vs. months). In addition,
the consumption rate at the anode was higher than the
production rate at the cathode. Another reason for the low
efficiencies measured is the loss of energy to overpotentials
due to system configuration and microbe's assimilation to
maintain cell metabolism [2,36,44]. Energy efficiency from
external power supply, ne was recorded as low as 42.2%
compared to that from the anode 97.3% indicating that the
substrate oxidation might play a bigger part in the energy
contribution [9,29,45]. However, since the calculations were
based on the energy in the hydrogen produced (see Equations
(4) and (5)), higher efficiency in ng could be overestimated and
low efficiency in ne could be underestimated. The energy
contribution from anode might be smaller than expected and
vice versa. Since the current used to produce specific amount
of hydrogen at the cathode was supplied by both anodic
oxidation and external power, the determination of anode or
cathode energy yield based on the total amount of hydrogen
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Fig. 6 — (a) Recovery yield, (b) energy efficiency and (c)
energy contribution in the chronoamperometry test. Note:
the recovery, efficiency and energy contribution were
calculated based on hydrogen production in cathode and
acetate consumption in anode. Note that the anodic or
Coulombic efficiency, Rcg is more than 100% due to the
calculation taking account of the total charge flow (using
the current density) which includes part of the charges
supplied from external power. The same estimation
applies to substrate efficiency, ns when only substrate
oxidation energy is taken consideration relative to
hydrogen energy production.
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is not an accurate approach. Therefore, the overall energy
yield ns.e (see Equation (3)), was obtained because it is more
accurate to estimate the efficiency of the whole system
(combination of anode and cathode efficiencies).

Finally, Fig. 6 (c) shows an overview of the energy contri-
bution (break down of the overall efficiency) from the acetate-
oxidising bioanode (es) and the external power supply (ee)
when applied voltage increased from 0.3 to 2.0 V. The energy
contribution from the oxidation of acetate was as high as
99.2% at 0.30 V, but it should also be kept in mind that at this
potential the hydrogen production was very low. At the op-
timum hydrogen-producing applied voltage of 1.0 V, the en-
ergy contribution from the oxidation of acetate and external
power supply were of 30.2% and 69.8% respectively, stressing
out the importance of the bioanode to reduce the cost of
external power supply. Finally, the contribution of the bio-
anode was only of 22.5% when the applied voltage reached
2.0 V, which is consistent with the progressive loss of its
catalytic activity.

Conclusions

The impact of operational voltage on the performance of a
microbial electrolysis cell for hydrogen production was stud-
ied. A minimum cell voltage of 0.3 V was sufficient to promote
the growth of biofilms on both electrodes’ surfaces. The bio-
anode was first developed after one week of operation and
was important to provide lower potential for enriching bio-
cathode. Chronoamperometry tests suggested that the bio-
cathode growth was much slower than the bioanode based on
both half-cell potentials and current evolutions. A window of
applied voltage between 0.9 and 1.8 V was determined as the
most relevant operational voltage to maintain the biocathode
potential low enough for reduction reactions and at the same
time protect the bioanode ability for oxidation reactions. The
optimum applied voltage was determined as 1.0 V with a peak
hydrogen production rate of nearly 6.0 L m~2 cathode day .
The shifts of pH and conductivity under the operational
voltages could cause serious problems to the system espe-
cially harming the bioanode at low pH (accumulation of pro-
tons) and blocking the hydrogen production at high pH value
(lack of protons) at the cathode. At the lowest applied voltage
of 0.3V, the anode contributed almost 99% of the total current
measured. At the optimum applied voltage of 1.0 V, the bio-
anode contributed for almost 1/3 of the total energy used for
the production of hydrogen, marking the importance of bio-
anode to reduce the cost associated with the utilisation of an
external power supply.
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