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Introduction

Hydrogen peroxide (H2O2) is an industrial chemical used in the
water and wastewater industries in low concentrations, cou-
pled with the Fenton process or UV treatment for advanced
oxidation of complex organic chemicals and emerging contam-
inants[1] and for disinfection.[2] For example, Badawy and Ali
demonstrated that 550 mgH2O2

L
�1 was sufficient for 92 % COD

(chemical oxygen demand) removal and 100 % color removal
from wastewater diluted to 1600 mgCOD L�1.[3] H2O2 is also effec-
tive in advanced oxidation processes at removing biological
products or contaminants contributing to taste and odor.[2c, 4]

Rajala-Mustonen and Heinonen-Tanski achieved a 3–4 log-units
reduction in coliphages when coupling H2O2 with UV radiation
for disinfection.[5] Yang et al. found that many organic micro-
pollutants can be remediated 99 + % by using H2O2 doses in
the 50–150 mg L

�1 range and moderate to high UV radiation
doses (<5000 mJ cm�2).[1c]

Although H2O2 itself is considered environmentally friendly,
95 % of the world’s H2O2 is produced using the energy-inten-
sive anthraquinone oxidation process, which uses dangerous
compounds as catalysts.[1a] One potential technology for sus-

tainable H2O2 production is microbial peroxide-producing cells
(MPPCs). In MPPCs, anode-respiring bacteria (ARB) consume
volatile fatty acids produced during fermentation and respire
electrons to an anode, producing electrical current. The elec-
trons pass through an external circuit to a cathode, where they
reduce different electron acceptors. In the cathodic oxygen re-
duction reaction (ORR), O2 is completely reduced to OH� to
produce electrical power [Eq. (1)]:

O2þ2 H2Oþ4 e� ! 4 OH� ðEo 0 ¼ þ1:018 VAg=AgClÞ ð1Þ

or partially reduced to produce H2O2 [Eq. (2)]:

O2þ2 H2Oþ2 e� ! H2O2þ2 OH� ðEo 0 ¼ þ0:424 VAg=AgClÞ ð2Þ

Above the pKa of 11.8, H2O2 is produced as HO2
� through

[Eq. (3)]

O2þH2Oþ2 e� ! HO2
�þOH� ð3Þ

H2O2 synthesis is advantageous because it requires only
a simple carbon catalyst and, depending upon the required
rate of H2O2 production, has the potential to be produced with
little or no energy input.

Researchers have had limited success producing H2O2 in
MPPCs with batch reactors, as summarized in Table 1. General-
ly, either high concentrations of H2O2 were generated by
adding energy to the system or low H2O2 concentrations were
produced along with a small output of electrical energy. Ro-
zendal et al. produced 3.9 gH2O2

L�1 d�1 and concentrations as
high as 1.3 g L

�1 but required 0.93 Wh per g H2O2.[6] Conversely,
Fu et al. produced a low H2O2 concentration of 79 mg L

�1, but

A microbial peroxide producing cell (MPPC) for H2O2 produc-
tion at the cathode was systematically optimized with minimal
energy input. First, the stability of H2O2 was evaluated using
different catholytes, membranes, and catalyst materials. On the
basis of these results, a flat-plate MPPC fed continuously using
200 mm NaCl catholyte at a 4 h hydraulic retention time was
designed and operated, producing H2O2 for 18 days. H2O2 con-
centration of 3.1 g L

�1 H2O2 with 1.1 Wh g�1 H2O2 power input
was achieved in the MPPC. The high H2O2 concentration was

a result of the optimum materials selected. The small energy
input was largely the result of the 0.5 cm distance between
the anode and cathode, which reduced ionic transport losses.
However, >50 % of operational overpotentials were due to the
4.5–5 pH unit difference between the anode and cathode
chambers. The results demonstrate that a MPPC can continu-
ously produce H2O2 at high concentration by selecting com-
patible materials and appropriate operating conditions.
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generated 0.06 Wh per g H2O2.[7] In an attempt to maximize
H2O2 production, Modin and Fukushi produced H2O2 at a con-
centration of 9 g L

�1 and a rate of 11.1 g L
�1 d�1 while using

3.0 Wh g�1 H2O2, demonstrating that high H2O2 concentrations
can be achieved when enough energy is added to the
system.[8]

Most MPPC research focused more on optimization of one
or two variables rather than a systematic investigation of fac-
tors affecting H2O2 production, net energy demand, and reac-
tor design. Fu et al. ,[7] Modin and Fukushi[8] , Arends et al. ,[9a]

and Sim et al.[9b] focused on maximizing H2O2 production from
different wastewater sources at different anode and cathode
hydraulic retention times (HRTs). Modin and Fukushi[10a] and
Chen et al.[10b] focused on designing cathode catalysts for H2O2

production. Li et al. used a continuous-flow cathode but fo-
cused primarily on optimizing abiotic catalyst performance.[11]

Several abiotic studies demonstrated that H2O2 rapidly de-
composes to H2O when exposed to platinum–carbon cata-
lysts[12] through Equation (4):

H2O2þ2 e�þ2 Hþ ! 2 H2O ðE ¼ þ1:508 VAg=AgClÞ ð4Þ

Although carbon-based electrodes can achieve high H2O2

concentrations and current efficiencies through Equa-
tion (2),[11, 12a, 13] carbon electrodes can decompose H2O2 to H2O,
particularly when the catalyst layer is thick. Paulus et al. used
a rotating-ring-disk electrode (RRDE) to understand catalyst re-
action pathways at a variety of operating conditions and cata-
lyst characteristics.[14]

pH can be an important source of overpotential in MPPCs.
When the pH value in the cathode chamber increases one unit
at standard temperature and pressure, the MPPC incurs an ap-
proximately 60 mV drop in voltage based on the Nernst equa-
tion.[15] Because the optimal pH value of ARB media is 7.0,[16]

a pH 12 cathode incurs approximately 300 mV of concentration
overpotential between the cathode and anode. Cathodic pH
control is complicated by OH production during H2O2 synthesis
through Equations (2) or (3), increasing catholyte pH value and
overpotential. Ki et al. tested the effects of pH-reducing buffers
at the cathode to reduce pH-related concentration overpoten-
tials and determined that the addition of bicarbonate buffer
decreased the catholyte pH value from approximately 12 to 7,
reducing the applied voltage by 200 mV.[17]

The strong oxidizing power of H2O2 further complicates
MPPC design. H2O2 and its ions and radicals present chemical
incompatibility problems with the materials typically used in
microbial electrochemical cells (MECs), including catalysts,
binders, and membranes. Furthermore, the reactions by which
H2O2 attacks MPPC materials also lead to H2O2 decomposition.
Until now, research has not been performed to determine the
compatibility of typical MEC materials with H2O2 at high pH
values.

In previous works, Ki et al. designed a flat-plate, two-cham-
ber MEC to maximize current densities and voltage efficiencies
by applying a high-surface-area anode with buffered catholytes
to reduce the pH value.[17] Applied potentials and current den-
sities were greatly affected by two factors: Reduced distanceTa
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between the anode and cathode and the use of buffered cath-
olyte to reduce the pH gradient between the anode and cath-
ode chambers. Reduction of the distance between anode and
cathode to approximately 0.5 cm minimized Ohmic overpoten-
tials between the electrodes. In addition to these results, Ki
et al. found that membrane selection had the smallest effect
on system overpotentials.[17]

In this work, we outline a methodology for designing MECs
for H2O2 production. We modify Ki et al.’s MEC design to con-
struct an MPPC that achieves long-term, continuous H2O2 pro-
duction.[17] We first evaluated various membranes, cathode ma-
terials, and catholytes for H2O2 compatibility. We then applied
our findings to design and operate a continuous-flow cathode
in a flat-plate MPPC to obtain a good balance of H2O2 concen-
tration (>3.1 g L

�1) and a low power input (1.1 Wh g�1).

Results and Discussion

H2O2 stability tests

Figure 1 illustrates that H2O2 was more stable at lower pH
values during 120 h stability tests. Phosphate buffers per-
formed well, with pH 4.5 phosphate buffer solution (PBS) re-
sulting in no detectable H2O2 decomposition in 24 h and 7 %
over 120 h whereas pH 7.5 PBS resulted in 6 % reduction in
H2O2 concentration over 24 h and 21 % reduction over 120 h,
which is consistent with the results of Yang et al.[1c] A NaCl so-
lution at pH 6.5 also resulted in short-term stability of H2O2 as
the H2O2 concentration was reduced by 13 % in 24 h and by
62 % in 120 h. H2O2 became increasingly unstable as the pH
value increased to alkaline conditions in the presence of
Na2CO3 and NaCl. H2O2 concentration was reduced in pH 11.5
Na2CO3 by 31 % within the first 2 h and by 99 % within 24 h.
Similarly, 49 % of H2O2 degraded in pH 12 NaCl within 24 h.
The susceptibility of H2O2 to decomposition under alkaline
conditions is consistent with studies by Brown and Abbot[18a]

and Qiang et al.[18b] . The reduced stability in the presence of

CO3
2� may be attributed to increased H2O2 decomposition

rates caused by the formation of metal–hydrogen–carbonate
complexes in alkaline conditions.[19]

From a broader perspective, the decreasing stability of H2O2

at higher pH values becomes a processing and storage issue.
Our stability tests confirm that alkaline-produced H2O2 cannot
be stored long-term without significant decomposition. Thus,
maintaining a relatively low or neutral pH value at the cathode
is optimal for H2O2 production and stability.

Membrane material selection

Several factors are considered important in membrane selec-
tion. Membrane compatibility with H2O2 is the most important
factor because contaminants or functional groups on the
membrane may contribute to H2O2 decomposition either cata-
lytically or through a reaction with the membrane itself. H2O2

reacting with the membrane may destabilize the membrane’s
integrity, leading to membrane failures. Membrane compatibili-
ty at different pH values is also important because the OH�

produced during the ORR [Eq. (2)] has the potential to signifi-
cantly increase the catholyte pH, and H2O2 deprotonates to the
more reactive HO2

� at a pKa of 11.8. Therefore, we evaluated
H2O2 decomposition and membrane weight loss over a 45 day
exposure period at pH 7 and 12. We used electrochemical im-
pedance spectroscopy (EIS; detailed in the Supporting Infor-
mation) to evaluate membrane Ohmic overpotentials. Finally,
the choice of using an anion exchange membrane (AEM) or
cation exchange membrane (CEM) results in operational trade-
offs. HO2

� produced at high pH values can potentially diffuse
across an AEM. However, a CEM provides preferential diffusion
of cations other than H+ to the cathode to maintain electro-
neutrality, potentially lowering the pH value below an accept-
able threshold for ARB.

AMI-7001, CMI-700, and FAA membranes were evaluated for
stability in a 10 gH2O2

L
�1 solution at pH 7. After 45 days of ex-

posure, there was negligible H2O2 degradation at pH 7 (Fig-
ure S1 a in the Supporting Information), and the membranes
experienced negligible mass loss (Figure S1 b). This stability
was likely a result of the suitability of the membranes for use
near neutral pH and increased H2O2 stability at pH 7.

As OH� production owing to H2O2 formation at the cathode
would likely increase catholyte pH during MPPC operations,
membranes were evaluated for compatibility and H2O2 degra-
dation at pH 12. Figure S2 illustrates that H2O2 was most stable
in the presence of the Nafion membrane: Approximately 11 %
of the total H2O2 decomposed over 45 days while the electro-
lyte pH value decreased from 12 at day zero to 2.5 at day 45.
This decomposition was significantly lower than the 91 % de-
composition exhibited during H2O2 stability tests without the
membrane (Figure 1). All other membranes exhibited >85 %
H2O2 decomposition, values similar to the 91 % measured
during H2O2/NaCl stability tests without a membrane, without
significant pH change between days 0 and 45. Thus, the lack
of degradation with Nafion was likely a result of acidification
of the electrolyte.Figure 1. H2O2 stability in various electrolytes at different pHs.
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H2O2 degradation did not necessarily correlate with mem-
brane mass loss during the stability tests. Figure 2 illustrates
that all membranes lost weight at pH 12, regardless of the
presence of H2O2. Apart from CMI-7000, all other membranes
exposed to H2O2 experienced higher weight loss than mem-
branes exposed to electrolyte only. The CEM membranes dem-
onstrated lower differences in weights (<5 % for both CEMs)
than AEMs because the CEMs’ negatively charged active sites
likely repelled HO2

� ions from the membrane. For AEMs, the I-
200 membrane had a 14 % difference between the H2O2-ex-
posed and electrolyte-only masses, making it the AEM with the
smallest change in mass when exposed to H2O2. AMI-7001 and
FAA lost 39 and 44 % more mass, respectively, when exposed
to H2O2 versus samples at high pH only.

Although FAA is rated by the manufacturer as stable at
pH 12, FAA’s lower thickness (130 mm) may have contributed
to a lower structural integrity, causing the membrane to disin-
tegrate when exposed to H2O2 at pH 12 (Figure S3). AMI-7001
experienced the lowest absolute mass loss (0.69 mg cm�2 with
and 0.96 mg cm�2 without H2O2), which we speculate is the
result of either AMI-7001 being a less reactive material or its
greater thickness (3.5 � thicker than FAA), which hampered
H2O2 permeation into and, therefore, decomposition of the
membrane. Total organic carbon (TOC) analyses (detailed in
the Supporting Information) revealed that membranes ex-
posed to H2O2 and/or high pH values consistently produced
more TOC over the duration of the experiment, likely caused
by the release of complex soluble organics into solution
during polymer deterioration (Figure S4).

Nafion, AMI-7001, and FAA demonstrated greater H2O2 sta-
bility in the short term, making them the most viable candi-
dates for an MPPC. In addition, all membranes exhibited low
Ohmic losses <85 W- cm2 (detailed in the Supporting Informa-
tion). Based on this evaluation, we opted to use an AEM in the
MPPC to provide easy regulation of anode pH value. Based on

its low reactivity with H2O2, we chose to utilize AMI-7001 for
MPPC experiments. If the pH value increases at the cathode,
catholyte choice could help regulate the pH value near neutral
to reduce concentration overpotentials.

Cathode material characterization

We utilized linear sweep voltammetry in a half cell with
100 mm sodium perchlorate to narrow our catalyst and binder
choices to Vulcan carbon and Nafion, respectively (method de-
tailed in the Supporting Information). The Vulcan carbon had
an approximately 0.4 V lower activation potential than graphite
carbon for the same binder (Figure S7).

We used RRDE testing to determine the optimal Vulcan
carbon loading because it distinguishes between 2-electron
and 4-electron ORR. Consistent with Bonakdarpour et al.[20] and
Paulus et al. ,[14] lower catalyst loadings resulted in a higher
number of electrons being transferred to H2O2 instead of to
H2O. Between �0.37 and �0.57 VAg/AgCl (Figure 3), loadings of
0.22 and 0.45 mg cm�2 provided the lowest average catalyst
loading and yielded an average of 2.04�0.03 electrons per O2

molecule being reduced, or almost 100 % delivery of electrons
to the 2-electron reduction to H2O2. The highest catalyst load-
ing (1.12 mg cm�2) yielded an average of 2.72�0.06 electrons
per O2 molecule being reduced, meaning that about one- third
of the electrons were transferred to H2O. At higher loadings,
the produced H2O2 must be transported through a thick cata-
lyst layer, providing additional catalyst contact time and in-
creasing the likelihood that H2O2 is reduced again through
Equation (4) to H2O. Figure 3 also shows the disk potentials be-
cause the cell required current input regardless of operating
potential to operate. At an EKA (the anode potential at one-half
of the maximum current density) of �0.42 VAg/AgCl for Geobacter
sulfurreducens, the MPPC will likely require some small power
input to produce H2O2.[21]

Figure 2. (left axis) Percent reduction in membrane mass during batch
bottle tests for membrane stabilities with H2O2 concentration of 10 g L

�1 at
pH 12 and (right axis) ratio of mass loss for membranes exposed to H2O2

versus membranes exposed to pH 12 only. Values >1 indicate that mem-
branes exposed to H2O2 lost more weight than membranes exposed to elec-
trolyte only. Values <1 indicate that membranes exposed to electrolyte only
lost more weight than membranes exposed to H2O2.

Figure 3. Ring current density (dotted lines) and the number of electrons
per O2 reduced (n ; solid lines) as a function of disk potential for Vulcan
carbon catalyst loadings ranging from 0.22 to 1.12 mg cm�2.
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To summarize, the Vulcan carbon/Nafion binder combination
produced the lowest cathodic overpotentials with an optimal
Vulcan carbon loading of approximately 0.45 mg cm�2 for the
highest H2O2 production over a wide range of cathode poten-
tials. Based on these results, we applied approximately 0.5 mg
cm�2 of Vulcan carbon to the cathode for MPPC operations.

MPPC operation

We assembled a MPPC using the optimal conditions from our
previous testing: 200 mm NaCl at pH 7, which demonstrated
good stability with H2O2 in the short term; the AMI-7001 AEM,
which showed low mass loss; and 0.5 mg cm�2 of Vulcan
carbon catalyst with Nafion binder, which maintained the
lowest cathodic overpotentials over the largest range while
transferring the highest number of electrons to H2O2. We oper-
ated the MPPC continuously for 18 days with a 4 h HRT in the
liquid cathode chamber and air-flow rates of 10, 20, and
30 cm3 min�1 through the air cathode chamber. Prior to anode
inoculation, we quantified the total cell abiotic Ohmic overpo-
tential as 75.0 W cm�2 using EIS.

As demonstrated in Figure 4, the MPPC showed good per-
formance with the optimized design variables. Variation of the
air supply rate had minimal effect on H2O2 concentration: The
average effluent H2O2 concentration ranged from 2.5�0.4 to
3.1�0.4 g L

�1, with the highest H2O2 concentration (3.8 g L
�1)

achieved at 20 cm3 min�1. These high concentrations were ach-
ieved even though the effluent catholyte pH ranged from 12.1
to 12.4. Although the cathode potential decreased from �0.54
to �0.50 VAg/AgCl, the H2O2 concentration decrease from 20 to
30 cm3 min�1 was likely a result of the 1 A m�2 decrease in cur-
rent density. For comparison, our cell used 18 % more energy
to produce three times the amount of H2O2 compared to Ro-
zendal et al.[9]

We used cyclic voltammetry (CV) to understand our MPPC’s
performance. The CVs illustrated that the MPPC achieved
higher energy-neutral current densities (i.e. , the current at
which the reactor experiences 0 V cell potential) than other
systems because of reduced overpotentials, and cathodic over-
potentials are still the limiting factor in MPPC performance.
Figure 5 shows a CV of our MPPC at a 1 mV s�1 scan rate. Cor-
recting for Ohmic losses in the system, the open-circuit poten-
tial was 0.20 V for all scans, which is lower than the theoretical
potential of 0.56 V. The approximately 0.3 V difference is associ-
ated with the equilibrium pH difference between the anode
and cathode because there was an approximately 5 pH unit
difference between the anode and cathode. Energy-neutral op-
erations occurred at 3.72�0.29 A m�2, which is significantly
larger than that achieved by Rozendal et al.[6] at 1.6 A m�2 and
Modin and Fukushi[10a] at 0.54 A m�2. The superior energy-neu-
tral performance indicates that H2O2 could be produced at up
to 3.72 A m�2 without requiring energy input and the cell had
significantly lower overpotentials than in previous studies.
Based on the theoretical potentials at the anode and cathode
and not corrected for Ohmic losses, Figure 5 a demonstrates
that, at energy-neutral conditions, the anode overpotential
was 0.149 V and cathode overpotential was 0.379 V. Concentra-

Figure 4. Performance during continuous operations with varying air-flow
rate: (a) H2O2 concentration, (b) current density, (c) pH, (d) cathode potential,
(e) percent net cathodic efficiency (as H2O2), and (f) power input required to
produce 1 g of H2O2.

Figure 5. Cyclic voltammetry of the MPPC for (a) unadjusted cell and
(b) Ohmic corrected potentials, with cell (blue), anode (red), and cathode
(green) potentials. For the cell potentials, positive voltages represent power
consumption and negative voltages represent power production.
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tion overpotential due to pH differences between the anode
and cathode chambers accounts for 0.27 V or 51 % of cathode
overpotentials. Therefore, 0.029 V Ohmic overpotential exists at
energy-neutral conditions, reiterating that our cell design sig-
nificantly decreases Ohmic losses within the MPPC. However
small, these Ohmic losses significantly affected cell per-
formance: Adjusted for Ohmic losses, Figure 5 b shows that the
anode and cathode overpotentials increased to 0.157 and
0.403 V, respectively, and that the cell could operate at
4.58 A m�2 before drawing additional energy to produce H2O2.
At our operating current density of approximately 10 A m�2

and pH 12.08–12.43, the cathode overpotential increased to
0.524 V, 58 % of which was due to pH differences between the
anode and cathode chambers. As discussed by Popat and
Torres, the production of OH� ions during the oxygen reduc-
tion reaction increases pH at the cathode, making it more diffi-
cult to reduce the operating pH value of the cathode and, con-
sequently, concentration overpotential.[22]

The superior performance of the MPPC we report here likely
was the result of a combination of several factors. The im-
provement in energy-neutral operations was largely driven by
the decreased distance between anode and cathode: When
the distance was decreased from 1 to 0.5 cm in the MPPC, the
energy-neutral current density increased from 1.63�0.03 to
3.72�0.29 A m�2 (Figure S5). Catalyst selection tailored to H2O2

production resulted in low cathode potentials and good net
cathodic efficiencies with little power input. The use of AMI-
7001 membrane provided long-term, stable performance while
having minimal effect on H2O2 production compared to other
membranes, as shown in Figure S5. Nevertheless, performance
could be further improved by reducing the pH gradient be-
tween the anode and cathode chambers, consequently reduc-
ing the MPPC’s concentration overpotential.

Conclusions

In this work, we outlined a methodology for designing micro-
bial electrochemical cells (MECs) for H2O2 production. We de-
scribed the material characterization required to design MECs
to continuously produce H2O2. The Vulcan carbon/Nafion
binder combination provided chemical stability with H2O2

while producing minimal activation overpotentials compared
to graphite catalyst. Using a rotating-ring-disk electrode
(RRDE), we determined that the optimal catalyst loading to
achieve the 2-electron oxygen reduction reaction (ORR) was
approximately 0.5 mg cm�2. Anion-exchange-membrane (AEM)
stability tests established AMI-7001 as the optimal membrane
to resist H2O2 degradation and promote long-term MPPC per-
formance due to its high structural integrity.

We combined these findings into a continuous-flow flat-
plate microbial peroxide-producing cell (MPPC), which we op-
erated using 200 mm NaCl catholyte at different air-flow rates
to optimize H2O2 concentration. The air-flow rate did not dras-
tically change MPPC performance: The MEC produced H2O2 at
a concentration as high as 3.8 g L

�1 and an average of 2.5�0.4
to 3.1 g L

�1 at different air-flow rates. The MPPC’s Ohmic over-
potentials were small at 69.1 W cm2. During operation, anodic

overpotentials were approximately 42 % lower than cathodic
overpotentials, and >58 % of cathodic overpotential was
caused by the pH gradient between the anode and cathode
chambers. Thus, we assert that continuous H2O2 production in
MECs is achievable if materials are optimized for compatibility
with and production of H2O2.

For perspective, our MPPC is capable of producing H2O2 at
concentrations more than adequate for water and wastewater
treatment. H2O2 concentrations of 2.5–3.0 g L

�1 are five- to ten-
fold higher than the doses required to remove 90 + % chemical
oxygen demand (COD) from wastewater streams (Badawy and
Ali[3] , Ksibi[2c]), 20-fold greater than required for 99 + % removal
of micropollutants and 10–100-fold higher than required for
UV disinfection.[1c, 2e, 5]

Experimental Section

H2O2 measurements and stability tests

For membrane stability experiments, we measured H2O2 concentra-
tion by using the National Diagnostics Hydrogen Peroxide Assay
Kit. For all other experiments, we analyzed H2O2 according to the
method of Graf and Penniston.[23] Colorimetric measurements were
performed using a Cary 50-Bio UV/Vis spectrophotometer (Varian,
Palo Alto, CA). When compared, these two methods demonstrated
equivalent results (not presented here).
We evaluated H2O2 stability using different electrolytes. We pre-
pared 200 mL solutions of H2O2 (10 g L

�1) in five different electro-
lytes: pH 4.5 PBS (200 mm), pH 7.5 PBS (200 mm), NaCl at pH 6.5
(200 mm), NaCl at pH 12 (200 mm), and Na2CO3 at pH 11.5
(200 mm). Each electrolyte combination (65 mL) was placed in
three 100 mL glass-serum bottles and corked with butyl-rubber
stoppers (Bellco Glass, NJ) and aluminum caps. We removed 2 mL
samples using a needle and syringe from each bottle after 2, 4, 6,
and 12 h and every 12 h subsequently for 120 h. Samples were an-
alyzed for pH value and H2O2 concentration.

Membrane stability tests

We characterized five ion exchange membranes to determine their
compatibility with H2O2 : three AEMs including AMI-7001 (Mem-
branes International, Inc.), Excellion I-200 (SnowPure LLC), and fu-
masep� FAA (fumatech GmbH); and two CEMs, that is, CMI-7000
(Membranes International, Inc.) and Nafion-117 (DupontTM). We
tested the stability of unconditioned membrane in solutions with
H2O2 and pH 7 and 12. Membranes with surface areas of
9 cm2were cut, left at ambient lab conditions for 48 h, and weigh-
ed. The membranes were placed in 25 mL serum bottles filled with
20 mL of 100 mm NaCl at pH 12, 100 mm NaCl with 10 g L

�1 H2O2

at pH 12, or 100 mm NaCl together with a H2O2 solution at 10 g L
�1

and at pH 7. We adjusted the electrolyte pH value to 12 as it is the
highest pH value anticipated during MPPC operations. Bottles were
prepared in triplicate, capped with butyl rubber stoppers and alu-
minum crimps, and degassed regularly. After 45 days, we emptied
the bottles’ contents and analyzed the solutions for H2O2 concen-
trations and pH values. Membranes were washed with deionized
water and dried under ambient laboratory conditions prior to
measuring the final mass.
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Catalyst/binder characterization

We performed RRDE tests using a RRDE-3 A rotating ring disk elec-
trode apparatus (ALS-Japan) to determine potential H2O2 produc-
tion efficiency for different catalyst/binder combinations. We used
a Vulcan carbon catalyst/Nafion binder mixture to coat the catalyst
layer on the disk electrode at catalyst loadings of 0.22, 0.44, 0.67,
0.89, and 1.12 mg cm�2. The ring–disk electrode was rotated at
1200 rpm for approximately 30 min until the ink dried. Once dried,
the ring was submerged in NaCl (100 mm) sparged with O2 for
>30 min to saturate the solution. We measured the ring and disk
current densities at a disk speed of 1600 rpm and ring potential of
0.08 VAg/AgCl, and the disk potential was varied from �0.60 to 0 VAg/

AgCl at a scan rate of 10 mV s�1 to determine the number of elec-
trons transferred to O2.

MPPC setup and operation

Scheme 1 illustrates our two-chamber, flat-plate MPPC operated at
30 8C. The anode, cathode, and membrane had geometrical areas
of 49 cm2. The anode chamber volume was 200 mL. The anode
was composed of carbon fiber (24 K Carbon Tow, Fibre Glast, OH,
USA) woven through a titanium frame, as detailed by Ki et al.[17] An
AMI-7001 membrane was preconditioned in NaCl (2 m) for 1 day
prior to use. The cathode chamber consisted of a 18 mL liquid ser-
pentine flow cell and a serpentine air chamber supplied with air
from a EcoPlus� Eco Air 3 commercial pump. The two cathode
chambers were separated by the carbon cloth cathode (FuelCell-
sEtc GDL-CT). The liquid-exposed side of the cathode was coated
with a slurry of Vulcan carbon powder (0.5 mg cm�2) using a paint
brush. The catalyst slurry consisted of Vulcan carbon powder
(0.5 g), 5 % Nafion dispersion in alcohol (3.5 mL, 0.83 mL cm�2, D52,
FuelCellStore). The air-exposed MPL side was coated with two
layers of 16 mg cm�2 Teflon PTFE DISP 30 cured 15 min at 200 8C
and 1 h at 280 8C to improve cathode hydrophobicity. The distance
separating the anode and cathode was approximately 0.5 cm. We
used a Bioanalytical Systems, Inc. RE-5B Ag/AgCl reference elec-
trode (+ 0.27 V versus standard hydrogen electrode in acetate
media at 30 8C) and a Bio-Logic VMP3 potentiostat to control
anode potential at �0.30 VAg/AgCl and monitored current produc-
tion. We measured the pH value using Thermo Scientific, Inc.’s
Orion 2 Star pH meter.
We inoculated the anode chamber with effluent from operating
MECs in our laboratory to develop current-producing biofilms. The
MPPC’s anode was poised at �0.3 VAg/AgCl and operated in batch
mode until biofilms were formed and then placed into continuous-
flow mode and fed with acetate medium (100 mm, approximately

pH 7; detailed in Parameswaran et al.[24]) at 0.5 h HRT. The cathode
was operated in continuous-flow mode and fed NaCl catholyte
(200 mm) with 4 h HRT to the liquid chamber and air
(20 cm3 min�1) to the air chamber. The MPPC operated in the per-
oxide-producing mode for more than three weeks.

Acknowledgements

We thank Nadrat Chowhurdy and Emily Garver for their assis-
tance with laboratory work. This work was funded by the U.S. De-
partment of Defense’s Strategic Environmental Research and De-
velopment Program (SERDP) grant number ER-2239.

Keywords: anode-respiring bacteria · cathodes ·
electrochemistry · hydrogen peroxide · microbial
electrochemical cells

[1] a) J. M. Campos-Martin, G. Blanco-Brieva, J. L. G. Fierro, Angew. Chem.
Int. Ed. 2006, 45, 6962 – 6984; Angew. Chem. 2006, 118, 7116 – 7139;
b) N. De La Cruz, J. Gim�nez, S. Esplugas, D. Grandjean, L. DeAlencastro,
C. Pulgarin, Water Res. 2012, 46, 1947 – 1957; c) W. Yang, H. Zhou, N.
Cicek, Crit. Rev. Environ. Sci. Technol. 2014, 44, 1443 – 1476.

[2] a) W. H. Glaze, J. Kang, D. H. Chapin, Ozone Sci. Eng. 1987, 9, 335 – 352;
b) M. Wagner, D. Brumelis, R. Gehr, Water Environ. Res. 2002, 74, 33 – 50;
c) M. Ksibi, Chem. Eng. J. 2006, 119, 161 – 165; d) J. C. Kruithof, P. C.
Kamp, B. J. Martijn, Ozone Sci. Eng. 2007, 29, 273 – 280; e) S. Snyder, H.
Lei, E. Wert, P. Westerhoff, Y. Yoon, Removal of EDCs and Pharmaceuticals
in Drinking Water, Water Environment Research Foundation, 2008.

[3] M. I. Badawy, M. E. M. Ali, J. Hazard. Mater. 2006, 136, 961 – 966.
[4] a) J. L. Acero, U. von Gunten, Ozone Sci. Eng. 2000, 22, 305 – 328; b) P.

Drogui, S. Elmaleh, M. Rumeau, C. Bernard, A. Rambaud, Water Res.
2001, 35, 3235 – 3241.

[5] R. L. Rajala-Mustonen, H. Heinonen-Tanski, Water Sci. Technol. 1995, 31,
131 – 134.

[6] R. A. Rozendal, E. Leone, J. Keller, K. Rabaey, Electrochem. Commun.
2009, 11, 1752 – 1755.

[7] L. Fu, S. You, F. Yang, M. Gao, X. Fang, G. Zhang, J. Chem. Technol. Bio-
technol. 2010, 85, 715 – 719.

[8] O. Modin, K. Fukushi, Environ. Technol. 2013, 34, 2737 – 2742.
[9] a) J. B. A. Arends, S. Van Denhouwe, W. Verstraete, N. Boon, K. Rabaey,

Bioresour. Technol. 2014, 155, 352 – 358; b) J. Sim, J. An, E. Elbeshbishy,
H. Ryu, H. Lee, Bioresour. Technol. 2015, 195, 31 – 36.

[10] a) O. Modin, K. Fukushi, Water Sci. Technol. 2012, 66, 831 – 836; b) J.
Chen, N. Li, L. Zhao, J. Power Sources 2014, 254, 316 – 322.

[11] N. Li, J. An, L. Zhou, T. Li, J. Li, C. Feng, X. Wang, J. Power Sources 2016,
306, 495 – 502.

[12] a) K. Otsuka, I. Yamanaka, Electrochim. Acta 1990, 35, 319 – 322; b) I. Ya-
manaka, T. Onizawa, S. Takenaka, K. Otsuka, Angew. Chem. Int. Ed. 2003,
42, 3653 – 3655; Angew. Chem. 2003, 115, 3781 – 3783; c) K. Rabaey, R. A.
Rozendal, Nat. Rev. Microbiol. 2010, 8, 706 – 716.

[13] a) P. Foller, R. Bombard, J. Appl. Electrochem. 1995, 25, 613 – 627; b) N.
Yamada, T. Yaguchi, H. Otsuka, M. Sudoh, J. Electrochem. Soc. 1999, 146,
2587 – 2591.

[14] U. Paulus, T. Schmidt, H. Gasteiger, R. Behm, J. Electroanal. Chem. 2001,
495, 134 – 145.

[15] A. J. Bard, L. R. Faulkner, Electrochemical Methods : Fundamentals and Ap-
plications, 2nd ed., Wiley, New York, 2001.

[16] H. S. Lee, P. Parameswaran, A. Kato-Marcus, C. I. Torres, B. E. Rittmann,
Water Res. 2008, 42, 1501 – 1510.

[17] D. Ki, S. C. Popat, C. I. Torres, Chem. Eng. J. 2016, 287, 181 – 188.
[18] a) D. G. Brown, J. Abbot, Int. J. Chem. Kinet. 1990, 22, 963 – 974; b) Z.

Qiang, J. Chang, C. Huang, Water Res. 2002, 36, 85 – 94.
[19] a) W. Nicoll, A. Smith, Ind. Eng. Chem. 1955, 47, 2548 – 2554; b) J. A. Nav-

arro, A. Miguel, M. Roncel, F. Francisco, J. Chem. Soc. Faraday Trans.
1 1984, 80, 249 – 253; c) L. J. Cs�nyi, Z. M. Galb�cs, J. Chem. Soc. Faraday

Scheme 1. A schematic of the microbial peroxide producing cell (MPPC) con-
figuration used to produce H2O2 in the liquid cathode chamber.

ChemSusChem 2016, 9, 1 – 9 www.chemsuschem.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7 &

These are not the final page numbers! ��These are not the final page numbers! ��

Full Papers

http://dx.doi.org/10.1002/anie.200503779
http://dx.doi.org/10.1002/anie.200503779
http://dx.doi.org/10.1002/anie.200503779
http://dx.doi.org/10.1002/anie.200503779
http://dx.doi.org/10.1002/ange.200503779
http://dx.doi.org/10.1002/ange.200503779
http://dx.doi.org/10.1002/ange.200503779
http://dx.doi.org/10.1016/j.watres.2012.01.014
http://dx.doi.org/10.1016/j.watres.2012.01.014
http://dx.doi.org/10.1016/j.watres.2012.01.014
http://dx.doi.org/10.1080/10643389.2013.790745
http://dx.doi.org/10.1080/10643389.2013.790745
http://dx.doi.org/10.1080/10643389.2013.790745
http://dx.doi.org/10.1080/01919518708552148
http://dx.doi.org/10.1080/01919518708552148
http://dx.doi.org/10.1080/01919518708552148
http://dx.doi.org/10.1016/j.cej.2006.03.022
http://dx.doi.org/10.1016/j.cej.2006.03.022
http://dx.doi.org/10.1016/j.cej.2006.03.022
http://dx.doi.org/10.1080/01919510701459311
http://dx.doi.org/10.1080/01919510701459311
http://dx.doi.org/10.1080/01919510701459311
http://dx.doi.org/10.1016/j.jhazmat.2006.01.042
http://dx.doi.org/10.1016/j.jhazmat.2006.01.042
http://dx.doi.org/10.1016/j.jhazmat.2006.01.042
http://dx.doi.org/10.1080/01919510008547213
http://dx.doi.org/10.1080/01919510008547213
http://dx.doi.org/10.1080/01919510008547213
http://dx.doi.org/10.1016/S0043-1354(01)00021-5
http://dx.doi.org/10.1016/S0043-1354(01)00021-5
http://dx.doi.org/10.1016/S0043-1354(01)00021-5
http://dx.doi.org/10.1016/S0043-1354(01)00021-5
http://dx.doi.org/10.1016/0273-1223(95)00253-J
http://dx.doi.org/10.1016/0273-1223(95)00253-J
http://dx.doi.org/10.1016/0273-1223(95)00253-J
http://dx.doi.org/10.1016/0273-1223(95)00253-J
http://dx.doi.org/10.1016/j.elecom.2009.07.008
http://dx.doi.org/10.1016/j.elecom.2009.07.008
http://dx.doi.org/10.1016/j.elecom.2009.07.008
http://dx.doi.org/10.1016/j.elecom.2009.07.008
http://dx.doi.org/10.1002/jctb.2367
http://dx.doi.org/10.1002/jctb.2367
http://dx.doi.org/10.1002/jctb.2367
http://dx.doi.org/10.1002/jctb.2367
http://dx.doi.org/10.1080/09593330.2013.788041
http://dx.doi.org/10.1080/09593330.2013.788041
http://dx.doi.org/10.1080/09593330.2013.788041
http://dx.doi.org/10.1016/j.biortech.2013.12.058
http://dx.doi.org/10.1016/j.biortech.2013.12.058
http://dx.doi.org/10.1016/j.biortech.2013.12.058
http://dx.doi.org/10.1016/j.biortech.2015.06.076
http://dx.doi.org/10.1016/j.biortech.2015.06.076
http://dx.doi.org/10.1016/j.biortech.2015.06.076
http://dx.doi.org/10.2166/wst.2012.255
http://dx.doi.org/10.2166/wst.2012.255
http://dx.doi.org/10.2166/wst.2012.255
http://dx.doi.org/10.1016/j.jpowsour.2013.12.114
http://dx.doi.org/10.1016/j.jpowsour.2013.12.114
http://dx.doi.org/10.1016/j.jpowsour.2013.12.114
http://dx.doi.org/10.1016/j.jpowsour.2015.12.078
http://dx.doi.org/10.1016/j.jpowsour.2015.12.078
http://dx.doi.org/10.1016/j.jpowsour.2015.12.078
http://dx.doi.org/10.1016/j.jpowsour.2015.12.078
http://dx.doi.org/10.1016/0013-4686(90)87004-L
http://dx.doi.org/10.1016/0013-4686(90)87004-L
http://dx.doi.org/10.1016/0013-4686(90)87004-L
http://dx.doi.org/10.1002/anie.200351343
http://dx.doi.org/10.1002/anie.200351343
http://dx.doi.org/10.1002/anie.200351343
http://dx.doi.org/10.1002/anie.200351343
http://dx.doi.org/10.1002/ange.200351343
http://dx.doi.org/10.1002/ange.200351343
http://dx.doi.org/10.1002/ange.200351343
http://dx.doi.org/10.1038/nrmicro2422
http://dx.doi.org/10.1038/nrmicro2422
http://dx.doi.org/10.1038/nrmicro2422
http://dx.doi.org/10.1149/1.1391976
http://dx.doi.org/10.1149/1.1391976
http://dx.doi.org/10.1149/1.1391976
http://dx.doi.org/10.1149/1.1391976
http://dx.doi.org/10.1016/S0022-0728(00)00407-1
http://dx.doi.org/10.1016/S0022-0728(00)00407-1
http://dx.doi.org/10.1016/S0022-0728(00)00407-1
http://dx.doi.org/10.1016/S0022-0728(00)00407-1
http://dx.doi.org/10.1016/j.watres.2007.10.036
http://dx.doi.org/10.1016/j.watres.2007.10.036
http://dx.doi.org/10.1016/j.watres.2007.10.036
http://dx.doi.org/10.1016/j.cej.2015.11.022
http://dx.doi.org/10.1016/j.cej.2015.11.022
http://dx.doi.org/10.1016/j.cej.2015.11.022
http://dx.doi.org/10.1016/S0043-1354(01)00235-4
http://dx.doi.org/10.1016/S0043-1354(01)00235-4
http://dx.doi.org/10.1016/S0043-1354(01)00235-4
http://dx.doi.org/10.1021/ie50552a051
http://dx.doi.org/10.1021/ie50552a051
http://dx.doi.org/10.1021/ie50552a051
http://dx.doi.org/10.1039/f19848000249
http://dx.doi.org/10.1039/f19848000249
http://dx.doi.org/10.1039/f19848000249
http://dx.doi.org/10.1039/f19848000249
http://dx.doi.org/10.1039/f19858100113
http://www.chemsuschem.org


Trans. 1 1985, 81, 113 – 116; d) H. H. B. Lee, A.-H. A. Park, C. Oloman,
TAPPI J. 2000, 83, 94 – 101.

[20] A. Bonakdarpour, M. Lefevre, R. Yang, F. Jaouen, T. Dahn, J. Dodelet, J.
Dahn, Electrochem. Solid-State Lett. 2008, 11, B105 – B108.

[21] C. I. Torres, A. Kato Marcus, B. E. Rittmann, Biotechnol. Bioeng. 2008, 100,
872 – 881.

[22] S. C. Popat, C. I. Torres, Bioresour. Technol. 2016, 215, 265 – 273.

[23] E. Graf, J. T. Penniston, Clin. Chem. 1980, 26, 658 – 660.
[24] P. Parameswaran, C. I. Torres, D.-W. Kang, B. E. Rittmann, R. Krajmalnik-

Brown, Water Sci. Technol. 2011, 65, 1 – 6.

Received: August 25, 2016
Published online on && &&, 0000

ChemSusChem 2016, 9, 1 – 9 www.chemsuschem.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8&

�� These are not the final page numbers!�� These are not the final page numbers!

Full Papers

http://dx.doi.org/10.1039/f19858100113
http://dx.doi.org/10.1039/f19858100113
http://dx.doi.org/10.1039/f19858100113
http://dx.doi.org/10.1149/1.2904768
http://dx.doi.org/10.1149/1.2904768
http://dx.doi.org/10.1149/1.2904768
http://dx.doi.org/10.1002/bit.21821
http://dx.doi.org/10.1002/bit.21821
http://dx.doi.org/10.1002/bit.21821
http://dx.doi.org/10.1002/bit.21821
http://dx.doi.org/10.1016/j.biortech.2016.04.136
http://dx.doi.org/10.1016/j.biortech.2016.04.136
http://dx.doi.org/10.1016/j.biortech.2016.04.136
http://dx.doi.org/10.2166/wst.2011.519
http://dx.doi.org/10.2166/wst.2011.519
http://dx.doi.org/10.2166/wst.2011.519
http://www.chemsuschem.org


FULL PAPERS

M. N. Young,* M. J. Links, S. C. Popat,
B. E. Rittmann, C. I. Torres*

&& –&&

Tailoring Microbial Electrochemical
Cells for Production of Hydrogen
Peroxide at High Concentrations and
Efficiencies

Never-ending H2O2 production: A
methodology for designing microbial
electrochemical cells (MECs) for H2O2

production is outlined and the materials
characterization is described. Continu-
ous H2O2 production at high concentra-
tions more than adequate for water and
wastewater treatment is achieved using
a microbial peroxide-producing cell
(MPPC) by selecting compatible materi-
als and appropriate operating condi-
tions. H2O2 can be produced at high
concentrations at the highest rates thus
far achieved in MPPCs.
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