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ABSTRACT: Hydrogen production using two-chamber microbial
electrolysis cells (MECs) is usually adversely impacted by a rapid rise
in catholyte pH because of proton consumption for the hydrogen
evolution reaction. While using a bipolar membrane (BPM) will
maintain a more constant electrolyte pH, the large voltage loss across
this membrane reduces performance. To overcome these limitations,
we used an acidic catholyte to compensate for the potential loss
incurred by using a BPM. A hydrogen production rate of 1.2 ± 0.7 L-
H2/L/d (jmax = 10 ± 0.4 A/m2) was obtained using a Pt cathode and
BPM with a pH difference (ΔpH = 6.1) between the two chambers.
This production rate was 2.8 times greater than that of a conventional
MEC with an anion exchange membrane (AEM, 0.43 ± 0.1 L-H2/L/
d, jmax = 6.5 ± 0.3 A/m2). The catholyte pH gradually increased to 11
± 0.3 over 9 days using the BPM and Pt/C, which decreased current
production (jmax = 2.5 ± 0.3 A/m2). However, this performance was much better than that obtained using an AEM as the
catholyte pH increased to 10 ± 0.4 after just one day. The use of an activated carbon cathode with the BPM enabled stable
performance over a longer period of 12 days, although it reduced the hydrogen production rate (0.45 ± 0.1 L-H2/L/d).

■ INTRODUCTION

Microbial electrolysis cells (MECs) are electrochemical devices
that can be used to remove organic matter from wastewaters
while electrochemically producing hydrogen at the cathode,
requiring only a small applied voltage to make the reaction
thermodynamically favorable (>0.13 V at neutral pH).1 When
organic matter is oxidized by exoelectrogens on the anode,
protons are released into the solution which can decrease the
local solution pH.2,3 At the cathode, either protons are
consumed (at acidic to neutral pHs) or water dissociation
provides a proton for the hydrogen evolution reaction (HER)
releasing a hydroxide ion (neutral to alkaline pHs), both of
which result in an increase in local pH. In a single-chamber
MEC, release of these ions into solution would lead to no net
change in the bulk pH. However, release of H2 gas into the
electrolyte in a single chamber MEC can result in the loss of
H2 to methane production, or hydrogen oxidation at the anode
by the exoelectrogens (hydrogen cross-over) which results in
current generation but no net hydrogen gas production.4,5 To
avoid these H2 losses, a membrane can be used to form a two-
chamber MEC to keep the hydrogen gas contained in the

catholyte allowing the separation of the produced gas from the
anolyte.6

Anion exchange membranes (AEMs) or cation exchange
membranes (CEMs) have been used in MECs to separate the
electrolyte into two chambers.2,7−9 However, adding a
membrane produces other undesirable outcomes, including
changes in the pH of each electrolyte which adversely impacts
electrode performance and loss of voltage because of the
additional internal resistance of the membrane. With a CEM
and a phosphate buffer solution (PBS) electrolyte, the charge
is balanced by more abundant cations than protons, such as
Na+ or K+, resulting in the acidification of the anolyte and
alkalization of the catholyte.10,11 A decrease in the anolyte pH
to <6 can greatly reduce current generation by exoelectrogens,
while a rise in catholyte pH adversely impacts the HER.12

Current densities produced using an AEM are typically higher
than those obtained with a CEM, as the charge can be better
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balanced by the high concentration of phosphate anions when
using a PBS typically at a concentration of 50 mM.10 In
addition, the internal resistance is increased more with a CEM
(435 mΩ m2, Nafion) than it is with a typical AEM (192 mΩ
m2, Fumasep FAA).10 Thus, methods are needed to mitigate or
avoid pH changes as well as to improve the performance of
MECs.
In this study, we examined the use of a reverse-bias bipolar

membrane (BPM) in an MEC to maintain electrolyte pH in
order to avoid operation with an unfavorable alkaline catholyte
pH (Figure 1). In a reverse-bias configuration, the cation

exchange layer (CEL) of the BPM faces the cathode and anion
exchange layer (AEL) faces the anode. BPMs can be used to
minimize the ion cross-over in electrochemical devices and
maintain pH differences.13,14 With current production, water
molecules at the junction of the BPM dissociate to hydroxides
and protons, balancing the ionic charge in each chamber
(Figure 1). However, the process is not perfect as a small
amount of ions is able to pass through both ion exchange
layers, which is called co-ion leakage.13,14 A main disadvantage
of using a BPM is that a voltage drop is incurred in generating
strong acid and base from water at the AEL/CEL interface.
This increases the membrane resistance compared to the use of
a single AEM or CEM.15 However, if the cathode and anode
are operated in acid and base, respectively, the membrane
voltage drop for water dissociation is compensated by the
Nernstian shifts in cathode and anode potentials.16 When an
acidic catholyte is used instead of PBS, the potential of the
cathode reaction (ECat) will shift to a more positive potential,
for example, from −800 to −417 mV versus Ag/AgCl based on
a pH change from 7.5 to 1 using the Nernst equation [(7.5 −
pHcat) × 59 mV] (Figure 1). Additionally, the Ohmic loss of a
BPM cannot be eliminated and will increase with a higher
current density in the device. Previous studies on abiotic
electrolysis or photo-electrolysis of water with a BPM and an
acidic catholyte were conducted under applied voltages or solar
power.13,16−18 MECs usually operate under lower applied
potentials of <1.0 V to obtain high energy recovery and avoid
oxygen evolution on the bioanode.19 A recent study on a
coupled microbial photoelectrochemical system using a BPM
and acidic catholyte showed that the black silicon (b-Si)
photocathode with a “Swiss-cheese” interface was durable in
the reactor during a 90 h test and produced 0.8 L H2 per

catholyte volume per day.20 Here, we examined the impact of
the BPM and acidic catholyte in regular MECs on H2
production using two different types of cathodes [Pt and
activated carbon (AC)], with an MEC containing an AEM as a
control. AC is a low cost and abundant material which makes it
better suited for wastewater treatment applications than a Pt
catalyst. Polarization data were used to quantify the electrode
and effective membrane resistances using a recently developed
electrode potential slope (EPS) method, as this approach
allows for direct comparisons of the components of the
resistances under different operational conditions.21,22 The
long-term stability of MECs with BPMs and the acidic
catholyte was compared to that of the MECs using an AEM
with its catholyte replaced daily. Additionally, a graphene
oxide-catalyzed BPM (GO-BPM), which has been reported to
catalyze water dissociation in the membrane junction, was also
compared to a standard BPM to determine if using this
material could reduce internal resistance.17

■ MATERIALS AND METHODS
MEC Cathode Preparation. Two types of cathodes were

tested: Pt on carbon cloth (Pt/C) and AC powder (NORIT
SX Plus, Norit Americas Inc., TX). Pt/C cathodes were
prepared as previously described.23 Briefly, 35 mg of Pt/C (10
wt %, E-TEK) and 467 μL of Nafion ionomer (5 wt %
solution, Dupont, US) were mixed with 233 μL of ethanol by
vortexing and brushed onto the carbon cloth [30% poly-
(tetrafluoroethylene) (PTFE) treated, Fuel Cell Earth, US; 3
cm in diameter, 7 cm2 projected area]. The cathodes were then
dried overnight in an oven (80 °C). To make the AC cathodes,
2 g of AC powder and 433 μL of PTFE (60 wt % emulsion)
were mixed in 75 mL of ethanol using a magnetic stir bar at 60
°C.24 The gel that formed was cast onto the carbon cloth
electrode and cold-pressed together at 3 × 107 Pa for 15 s. The
electrodes were then dried overnight in an oven (60 °C). The
final catalyst loading of Pt/C and AC cathodes was determined
by normalizing the weight difference before and after catalyst
coating by the projected area of the electrode. Cathodes were
glued to a titanium wire using electrically conductive carbon
cement (Leit-C, SPI Supplies, Germany) and any exposed wire
insulated with epoxy.

Membranes. Three different membranes were used: a
commercial BPM (FBM, Fumatech, Germany); an AEM
(Selemion AMV, AGC Engineering Co. Ltd., Japan); and a
thin in-house fabricated BPM containing 4 layers of GO as an
interfacial catalyst. To make the GO-BPM, a solvent exchange
process was first employed to replace water and alcohol in a
Nafion 117 solution (5 wt % in alcohol and water) with N,N-
dimethylformamide (DMF). The Nafion solution (20 mL) was
heated under a vacuum in a water bath at 50 °C to reduce its
volume to 10% of the original volume, then 20 mL of DMF
was added to the solution, and the mixture was placed under a
vacuum oven at 80 °C. This process was repeated five times to
ensure complete solvent exchange, producing a final 20 mL
solution containing 5% Nafion in DMF (DMF−Nafion). An
AEL [brominated polyphenylene oxide (PPO) functionalized
with quaternary ammonium groups] was placed onto a glass
substrate and held using double-sided tape. The edges of the
exposed side of the AEL were covered with Kapton tape to
mask a 5 cm × 5 cm area. The GO solution containing 1 g/L
of GO single-layer sheets (5−10 μm) in water for fabricating
the BPM was prepared in our laboratory using the method of
Kovtyukhova et al.17,25 This GO solution (10 mL) was

Figure 1. Schematic diagram of the BPM-MEC with the H2SO4
catholyte.
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dropped onto the exposed AEL surface and left to stand for 20
min.18,21 After washing thoroughly with nanopure water and
then being air dried, 4 mL of the DMF−Nafion solution was
air-sprayed onto the GO-modified AEL, and the assembly was
heated to 120−130 °C on a hot plate for 1 h to increase the
cation conductivity in the Nafion CEL. The BPM was then
dried in a convection oven at 60 °C overnight, and stored in
500 mM KNO3 solution before testing.
MEC Configuration and Operation. The MECs were

cubic reactors with two chambers each 28 mL in volume (4 cm
in length, 3 cm in diameter) separated by a membrane. A glass
tube (7.5 cm in length, 1.5 cm in diameter) was mounted on
top of the cathode chamber, and sealed with a thick butyl
rubber stopper as previously described.8 Hydrogen gas was
collected using gas bags (0.5 L, Calibrated Instruments, US) by
inserting two needles connected with a tube through the
rubber stoppers of the bag and glass tube. The anode was a
graphite brush electrode (2.5 cm in length, 2.5 cm diameter,
Mill-Rose, US), with a gap of 1.0 cm between the electrode
and membrane. The anode was inoculated, acclimated, and
operated in an air cathode microbial fuel cell for more than one
year before being used in tests here. In both cases, the same
medium was used that contained: sodium acetate in 50 mM
PBS (1.5 g/L sodium acetate, 4.58 g/L Na2HPO4, 2.45 g/L
NaH2PO4·H2O, 0.31 g/L NH4Cl, 0.13 g/L KCl, 12.5 mL/L
trace minerals, and 5 mL/L vitamins). Anodes were transferred
to the MECs that were operated with a set applied voltage of
0.9 V (except as noted). The MEC current output was
monitored using a multimeter (model 2700, Keithley Instru-
ments Inc., US) by measuring the voltage across a 10 Ω
resistor. The catholytes for the BPM-Pt tests contained
different concentrations of the H2SO4 catholyte to achieve
initial pHs of: 0.3 ± 0.1 (500 mM), 1.4 ± 0.2 (50 mM), 2.2 ±
0.1 (5 mM), and 3.2 ± 0.2 (0.5 mM), except for pH 7.5 ± 0.1
(50 mM PBS). The conductivity of the solution with a pH =
2.2 ± 0.1 was adjusted to 28 ± 0.7 mS/cm, and the pH of the
3.2 ± 0.2 solution was adjusted to 26 ± 0.5 mS/cm using KCl
in order to approximately match that of the 50 mM H2SO4 (25
± 0.5 mS/cm, pH = 1.5). Comparisons of the different
membranes and catholytes were made for: BPM-Pt and BPM-
AC both with pH = 1.4 ± 0.2 acid catholyte, and AEM with
pH = 7.5 ± 0.1 catholyte (PBS buffer). The use of an acidic
catholyte in the MEC with an AEM was not examined as
sulfate ions can be transported into the anode chamber and
combined with the protons from acetate oxidation, resulting in
the acidification of the anolyte. Therefore, only a neutral pH
catholyte was used for the AEM to compare to previous MEC
studies with neutral pH conditions.
Electrochemical Characterization. The resistances and

working potentials of the electrodes of the MECs were
calculated using the EPS method.21,22 This method allows the
direct comparison of electrochemical performance of the
MECs that have different configurations. Polarization data
were collected at near maximum current density by varying the
applied voltage from 1.0 to 0 V and measuring the current
based on the voltage changes across a 10 Ω resistor at 20 min
intervals. The polarization data were linerlized using E = mj +
b, where j is the current density, the absolute value of the slope
m is the specific resistance of the anode (RAn) or cathode
(RCat) (mΩ m2), and the y-intercepts of polarization curves are
used as the experimental open circuit potentials of the anode
(EAn,e0) or cathode (ECat,e0).

21 This method assumes that the
system is operating under steady-state conditions over the

linearized current density range. The solution resistance for
each electrolyte (RΩ,An and RΩ,Cat) was calculated based on the
solution conductivity (σ, mS/cm), the distance between the
electrode and membrane (l, cm) and the cross-sectional area of
the reactor (A, cm2) using RΩ,An = RΩ,Cat = 103l/σA.26 The
membrane (RΩ,mem) was calculated as the unknown based on
the individual resistances and the total internal resistance of
the cell (Rcell) obtained using Rcell = RCat + RAn + RΩ,An + RΩ,Cat
+ RΩ,mem.

22

Analytical Methods and Performance Calculations.
The hydrogen and nitrogen gas compositions in the headspace
and gas bag were analyzed using a gas chromatograph (model
310, SRI Instruments Inc., US). The volume of hydrogen gas
was determined using the gas bag method as previously
described.27 For this method, gas in the gas bag was evacuated
by vacuum and then the gas bag was connected to the MEC.
At the end of the tests, gas in the headspace and the gas bag
were analyzed, and then a known volume of N2 gas was added
(30 mL) into the bag and the gas re-analyzed to determine its
H2 volume by difference.
The hydrogen production rate was calculated by normalizing

the volume of the hydrogen gas produced by the total solution
volume (63 mL including the 28 mL of anolyte, 28 mL of
catholyte and 7 mL headspace), and the elapsed time to
complete 90% of the total transferred charge in order to avoid
times at the end of cycles where there was little gas
production.28 The concentration of acetate consumed was
calculated based on the initial and final chemical oxygen
demands (CODs) measured using standard methods (method
5220, HACH). The solution pH and conductivity were
monitored using a probe and meter (Seven-Multi, Mettler-
Toledo International Inc., US).
The theoretical maximal production of hydrogen (nth) was

calculated as

n
M

2 COD
th

O2

= Δ
(1)

where MO2
is the molecular weight of oxygen (32 g/mol) and

ΔCOD is the difference between initial and final COD.19 The
moles of hydrogen that can be recovered based on the current
produced, nCE, is

n
I t

F

d

2
t

t

CE
0

∫
= =

(2)

where dt (s) is the interval over which 90% of the total
coulombs are collected in terms of the current (I90), 2 is used
to convert moles of electrons to moles of hydrogen, and F is
the Faraday’s constant. The Coulombic efficiency (CE) was
calculated as CE = nCE/nth, cathodic hydrogen recovery (rcat)
calculated using rcat = nH2

/nCE, and the overall hydrogen

recovery (rH2
) as rH2

= CErcat.
The maximum energy recovery (ηE) at neutral pH was

calculated using19

E1.23E ps
1η = −

(3)

where Eps is the applied voltage (V). This equation is modified
using the Nernst equation to calculate the maximum energy
recovery of MECs as a function of the anolyte or catholyte pH
as
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E1.23( 0.059 pH)E ps
1η = − Δ −

(4)

■ RESULTS AND DISCUSSION
Impact of Catholyte pH on Maximum Current

Densities. The jmax increased inversely with pH, with a
maximum of 10.6 ± 0.3 A/m2 obtained at a pH = 0.3 (226 ± 6
mS/cm) using a 500 mM H2SO4 catholyte (Figure 2). The jmax

decreased approximately linearly with pH over the range of
0.5−3.5, but then decreased less for the test at pH = 7.5,
reflecting the importance of the proton concentration in the
electrolyte and its limitation on HER at low concentrations
(high pHs) (Figure 2). While the highest current density was
obtained at a pH = 0.3, a high osmotic pressure difference
across the membrane resulted in water migration (∼2 mL)
from the anolyte into the catholyte (Figure S1). At other pHs
there was a no detectable change in the anolyte volume
occurred. Therefore, 50 mM H2SO4 (pH = 1.4 ± 0.2) was
used in the catholyte in all subsequent tests to avoid water loss
from the anolyte.
Hydrogen Production and Performance. The hydrogen

production rate for the first cycle with the BPM membrane and
Pt cathode was 1.2 ± 0.7 L-H2/L/d (pH = 1.4 catholyte). This
rate was 2.8 times greater than that obtained with the same
configuration using the AEM (0.43 ± 0.1 L-H2/L/d) (Figure
3a). Hydrogen production with the AEM here was similar to a
previous report of using an AEM and neutral pH catholyte in
the same type of MEC (0.38 ± 0.02 L-H2/L/d).

29 The
maximum current of the BPM-Pt of jmax = 10 ± 0.4 A/m2 was
1.5 times that of the AEM-Pt (jmax = 6.5 ± 0.3 A/m2). There
was little change in the catholyte pH over the cycle with the
BPM-Pt (pH from 1.4 ± 0.2 to 1.6 ± 0.2), while the pH of the
catholyte of the AEM-Pt increased to 10 ± 0.4 from 7.5 ± 0.1.
As a result of the higher maximum current for the BPM-Pt

configuration, the cycle time based on 90% of the transferred
charge was 21 ± 1 h, compared to about twice that for the
AEM-Pt configuration (41 ± 2 h) (Figure S2). Both systems
had a final COD of ∼90 mg/L, but the Coulombic efficiency of
the MECs using a BPM was 90 ± 5%, compared to 69 ± 3%
for AEM-Pt (Figure 3b). The cathodic efficiency and overall
hydrogen recovery for BPM-based reactors were slightly above
100%, likely due to small errors in the experimental
measurement made using gas chromatography and the
calculation of total charge transfer based on the integration
of current output with time as the current was not measured
continuously (in 20 min intervals). The maximum energy

recovery was 111 ± 4% for the AEM-Pt cell, compared to
theoretical efficiencies of 137% based on the experimental
conditions and the applied voltage (equation 3). The energy
recovery was 155 ± 14% for the BPM-Pt cell, compared to a
calculated maximum energy recovery of 214% based
calculations that include the pH difference between the
anolyte and catholyte using eq 4.
When the Pt catalyst was replaced with AC, the hydrogen

production rate decreased to 0.45 ± 0.1 L-H2/L/d (BPM-AC),
with a maximum current density of jmax = 4.3 ± 0.7 A/m2

(Figure 3a). The hydrogen production rate was slightly higher
than that of the MEC using an AEM and a Pt catalyst on the
cathode. Coulombic efficiencies, cathodic recoveries, and
energy recoveries for the BPM-AC configuration were all
similar to that of the BPM-Pt cell and better than those for the
AEM-Pt cell (Figure 3a,b), indicating that the improved
performance based on these metrics was due to the use of the
BPM and 50 mM H2SO4. The BPM with four layers of GO-
BPM was also investigated as a method to improve
performance. However, the MEC performance with the GO-
BPM was the same as that using a commercial BPM (Figure
S3). This was likely due to the applied voltage (≤1.0 V) being
too low for effective catalysis for water dissociation.17

Area-Specific Resistances. The experimental maximum
working circuit voltage, obtained from the difference of the y-

Figure 2. Impact of initial catholyte pH on the maximum current
density of MEC using the BPM and Pt/C cathode.

Figure 3. (a) H2 production rate (I90) and maximum current density,
(b) total charge transfer and Coulombic efficiency, and (c) rcat, rH,
and energy yield of different MECs.
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intercepts of the polarization curves of whole cells, was −0.15
± 0.01 V for the BPM-Pt configuration (Figure 4a). Based on

the pH difference between the anolyte and the catholyte (7.5
− 1.4 = 6.1), the potential difference between two chambers in
the BPM-Pt cells using Nernst equation was 6.1 × 0.059 = 0.36
V, which is used for compensating the voltage drop over the
BPM for water dissociation. The whole cell voltages for the
other two configurations were more negative by ∼0.25 V
compared to the BPM-Pt cell but they were similar to each
other (−0.43 ± 0.01 V for AEM-Pt, and −0.42 ± 0.02 V for
BPM-AC). This more negative voltage for the BPM-AC
configuration was consistent with the AC being a poor catalyst
for the HER.
The voltage losses across the membranes in the MECs were

calculated from the whole cell voltages and the other
component resistances. The voltage loss for the BPM with

the Pt cathode, based on the intercepts (zero current), was
0.21 ± 0.02 V, which was only slightly higher than that of the
BPM with the AC cathode (0.28 ± 0.03 V) (Figure 4a).
Theoretically, these two voltages should be the same, but
differences arise from the combined errors in other
experimental measurements. The AEM had a calculated open
circuit voltage of ∼0 V, demonstrating little voltage loss for this
membrane.
The cathode potential for the BPM-Pt configuration was

more positive than the anode potential at applied voltages of
<0.4 V (Figure 4b). The measured cathode potential of the
BPM-Pt cell at zero current was −0.43 ± 0.01 V, compared to
−0.88 ± 0.02 V for the AEM-Pt. In theory, the calculated
potential difference based on the pH difference between two
cathodes could reach 0.36 V. The larger difference of the
measured cathode potentials (0.88 − 0.43 V = 0.45 V) reflects
the increased catholyte pHs for the AEM-Pt, which would shift
its HER potential to more negative values. The anode
potentials using the BPM-Pt were more negative using the
other two cases (Figure 4b), perhaps because of slightly better
acclimated anodes for the higher current densities.
The area-specific resistances of each of the components of

the MECs can be used to examine the tradeoffs in the different
operational conditions. The BPM-Pt MECs had a lower total
internal resistance at an applied voltage of 0.9 V of 70 ± 2 mΩ
m2, compared to that of the BPM-AC MEC (90 ± 3 mΩ m2),
primarily due to the much lower cathode resistance using Pt
instead of AC for the catalyst (Figure 4c). The AEM-Pt
configuration had the lowest total area resistance of 65 ± 3 mΩ
m2 because of the low AEM resistance (7.5 ± 0.4 mΩ m2)
compared to much higher resistances for the BPMs. This AEM
resistance compares well to that previously found for this MEC
(6 ± 5 mΩ m2).22 The membrane was the biggest contributor
to the area-specific resistance of BPM-MECs, with 35 ± 2 mΩ
m2 for the BPM-Pt and 30 ± 1.5 mΩ m2 for the BPM-AC. The
resistance of the catholyte was only marginally reduced by
employing an acidic solution (4 ± 0.3 mΩ m2) for the Pt
catalyst with the BPM, compared to 10 ± 1 mΩ m2 for the
neutral pH catholyte with the AEM (Figure 4c). Thus, the
greater impact of the acid catholyte was to produce more
positive potentials of the cathode in the acidic as shown above.
The area-specific resistance of bio-anodes in all MECs was
consistent with the values reported previously.21,22

Stability over Multiple Cycles. When the performance of
the system was examined over multiple cycles, the maximum
current density of the BPM-Pt based cell decreased with each
cycle, with jmax = 11 ± 0.6 A/m2 in the first cycle, 4.1 ± 0.2 A/
m2 after 6 days (Figure 5a). This decrease in performance was
clearly due to the cathode potential becoming more negative,
indicating a less thermodynamically favorable HER (Figure
5b). Although the current density of the BPM-AC MEC was
much lower, the performance was more stable over each daily
cycle, decreasing from a maximum current density of 4.2 ± 0.2
A/m2 on the first cycle, to 3.4 ± 0.1 after 12 days along with a
reduction in the cathode potential (Figure 5c,d). In abiotic
electrolysis cells, as the current increases by using higher
applied voltages (>1.5 V) co-ion leakage will be reduced, and
thus the pH stability of the catholyte improved. However,
water dissociation is not as effective at lower applied voltages
(e.g., 0.9 V in our study). If the HER has a high rate due to the
use of a good catalyst (e.g., Pt/C), the protons in the cathode
solution will be consumed rapidly, resulting in a larger change
of catholyte pH. For example, the pH of the BPM-Pt cell

Figure 4. (a) Whole cell polarization curves and voltage losses for the
different membranes (indicated by the letter m); and (b) polarization
curves of the anodes and cathode for the BPM-Pt, AEM-Pt, and BPM-
AC MECs (indicated with A = anode, and C = cathode) with an
applied voltage of 0.9 V. (c) Area-specific resistances of MEC
components (Rm = membrane, RAn = anode, RCat = cathode, and RΩ =
solution).
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catholyte was constantly increasing during operation, and the
conductivity was decreasing, from pH = 1.4 ± 0.2 and σ = 25
± 0.5 mS/cm on the first day, to a pH = 11 ± 0.3 and σ = 8.2
± 0.5 mS/cm after 9 days. However, while a decay in
performance was observed with the BPM-AC configuration,
the rate was much slower, and therefore the final catholyte pH
in the BPM-AC reactor was much lower (pH = 2.5 ± 0.2, σ =
11.6 ± 0.3 mS/cm) than that of BPM-Pt reactor. Both reactors
resumed performance to the original levels when the catholyte
was replaced with fresh solutions (data not shown for the
BPM-AC cell). The results demonstrated that despite the use
of the BPM and AC cathode, a change in the catholyte pH
could be delayed but not prevented. Thus, there was likely
leakage of ions across the BPM in additional to water
dissociation.
Comparison of the Two BPM MECs at Similar Current

Densities. To further examine the relative importance of an
ion crossover compared to water dissociation, the BPM-Pt
MEC was operated at a lower applied voltage of 0.46 V to
produce a current density more similar to that of the BPM-AC
reactor (Figure 6). In these tests, each cycle lasted for 2 days.
At 0.46 V, the BPM-Pt configuration produced a maximum
current density of jmax = 3.5 ± 0.3 A/m2 (after adjusting the
applied voltage to 0.46 V), with a total charge transferred being
1735 ± 65 C over the 5 cycles (10 days), compared to jmax =
4.0 ± 0.1 A/m2 and 2097 ± 30 C for the BPM-AC at 0.9 V
applied voltage. After 10 days, the final catholyte pH of BPM-
Pt (4.7 ± 0.3) was higher than that of BPM-AC MEC (2.2 ±
0.2). The observation that more charge was transferred (more
protons were consumed) using the BPM-AC, but the final
catholyte pH was lower, suggesting that more protons were
generated from the BPM with an AC cathode under the higher
applied voltage.
Overall Analysis. Using a BPM in an MEC with an acidic

catholyte and Pt cathode catalyst was effective for increasing

the current density compared to an MEC with an AEM and
neutral pH catholyte. While the MEC with the AEM reached a
highly alkaline pH after each cycle, and the catholyte had to be
replaced after each cycle, the MEC with the BPM was able to
operate for 9 cycles before the pH become highly alkaline
because of the faster consumption of protons using the Pt/C
cathode. The observation that the catholyte pH did slowly
increase under low current densities using AC cathodes
showed that the BPM did not operate only under water

Figure 5. Performance stability of BPM-MECs (a) BPM-Pt cell, (b) electrode potential of BPM-Pt, (c) BPM-AC cell, and (d) electrode potential
of BPM-AC during the last 5 days.

Figure 6. Performance stability of BPM MECs at different applied
potentials (a) 0.46 V for the BPM-Pt MEC and (b) 0.9 V for the
BPM-AC MEC. The initial catholyte conditions were pH = 1.4 ± 0.2
and σ = 25 ± 0.5 mS/cm.
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dissociation conditions, and charge leakage of other ions
occurred across the membrane. However, it is known that
BPMs cannot perfectly maintain charge balances and that
charge leakage is a function of both current density and pH
differences between adjacent electrolyte chambers.14

The performance of the MECs without a precious metal
catalyst, for example, using AC alone or with the addition of
the Ni catalyst, has economic benefits.8 The nonmetal AC
catalyst is only $2.6/kg compared to Pt/C ($140/g) which is a
much less abundant precious metal, and the use of Pt would be
too expensive and not abundant to make its use economical in
an MEC for wastewater treatment.30 The cost of the BPM
from different manufactures is variable and can be as low as
$700 per square meter for small orders (Yichen Technology,
China), but it could be significantly reduced in cost to ∼$100
by purchasing large quantities. Thus, although the current
densities and hydrogen production rates were lower with the
BPM-AC MEC, compared to that with a Pt cathode, the
hydrogen production rate was similar to or better than that of
the MEC with the AEM and Pt catalyst.
The use of an acidic catholyte has other advantages for

operation of MECs, for example, suppressing the growth of
methanogens and other microorganisms that might oxidize the
hydrogen, and the acidic pH that reduces cross-over of most
chemical species (except protons). There is an additional cost,
however, of maintaining an acidic catholyte that would need to
be balanced against the value of the hydrogen gas that was
produced in the process, and potential benefits for treating a
wastewater in the anolyte.
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