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Fig. 1. Schematic of two-step energy generation process using microbial batteries (MBs). In step 1, electron donors are oxidized by microorganisms, releasing
electrons to an intermediate solid-state electrode; in step 2, the solid-state electrode is regenerated by supplying a terminal electron acceptor. The key
components are a microbial anode and a solid-state oxidant cathode. Organics are oxidized at the anode by the enzymatic activity of exoelectrogens. At the

cathode, a solid-state oxidant is reduced.

electrolyte at near-neutral pH. Diffusion of dissolved O, into
the anode compartment is also a problem, allowing formation
of aerobic biomass and oxidation of organic matter without
energy production. Finally, methane production is sometimes
reported in the anode compartment (18). This represents yet an-
other energy loss and signals that methanogens are outcompeting
exoelectrogens for the available electrons. Building on previous
MFC studies, this work introduces a previously undescribed
microbial electrochemical device for energy recovery where the
key difference is the use of a solid-state cathode to replace the
oxygen gas cathode of a MFC. Operation of the anode is like that
of a MFC anode, but operation of the cathode is like that of
a rechargeable battery. We therefore refer to this device as
a microbial battery (MB).

Results and Discussion

Sustained operation of the MB system requires two steps. In
step 1, microorganisms at the anode oxidize electron donors

(e.g., carbohydrates and methane), releasing electrons that pass
through an external circuit to a cathode comprising (or con-
taining) a solid-state oxidant, such as silver oxide (Fig. 1, step 1).
The cathode material becomes reduced. In the case of a silver-
oxide electrode, silver metal is produced. Step 1 is an energy ex-
traction process like that of the discharge process in batteries. In
step 2, the cathode is removed and oxidized by exposure to a ter-
minal electron acceptor, such as oxygen, water, or carbon dioxide,
under conditions favorable for its oxidation (Fig. 1, step 2). The
oxidized electrode is then reinstalled—a step that differs only
slightly from the normal process used to recharge batteries—and
the process is repeated. The major drawbacks of MFCs—voltage
losses at oxygen cathodes and diffusion of oxygen into the anode
compartment—are avoided by single-chamber operation without
the introduction of oxygen.

A design challenge for the MB is identification of a stable
solid-state electrode with a suitable electrochemical potential.

Fig. 2. Carbon cloth-supported silver-oxide cathode (A and B) and carbon cloth microbial anode (C and D). (A) Scanning electron microscope (SEM) images of
a silver-oxide electrode. The particles are less than 50 nm. (B) Reduction potential of a silver-oxide electrode in a phosphate buffer solution (PBS, 200 mM, pH 7) at
current densities ranging from 0.01 to 1 mA/cm?. Current density values are labeled above the potential curve. The dashed line indicates the standard reduction
potential. (C) SEM images of a colonized carbon cloth electrode. Zoom-in image (Inset) shows a cluster of exoelectrogens connected by microbial nanowires. (D)
Cyclic voltammograms (CVs) of a colonized carbon cloth electrode and a plain carbon cloth electrode in a glucose electrolyte (~1 g/L). Scan rate, 1 mVi/s.
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Fig. 3. Performance of glucose-fed MBs and regeneration of the solid-state Ag,0/Ag electrode. (A) Potentials of the microbial anode and the Ag,0/Ag
electrode during oxidation of a glucose solution (~1 g/L) at a fixed current density of 0.1 mA/cm?. The red arrows indicate regeneration of the Ag,0/Ag
electrode. (B) Polarization curves show the applied voltage and potentials of both electrodes during regeneration of the Ag,O/Ag electrode with O, reduction
catalyzed by a commercially available carbon cloth supported platinum (Pt) electrode. The electrolyte was a sodium hydroxide (NaOH, 1 M, pH 14) solution
bubbled with air (~100 mL/min). After changing the current density, potentials were recorded until equilibrium was reached (at least 10 min). (C and D)
Voltage profiles of plate-shaped MBs with different external loadings (C) and in three consecutive cycles with a 2,000 Q loading. The MBs were equipped with
precolonized carbon cloth anodes and silver-oxide cathodes. The feeding was a glucose solution (~1 g/L). The red arrows in D indicate the replacement of

fresh glucose feeding and the regeneration of the Ag,0/Ag electrode.

One candidate couple is silver oxide/silver (Ag,O/Ag), a couple
that has been used for decades in batteries (19). This couple
offers several advantages: (i) both silver and silver oxide remain
in the solid state in water and are stable under conditions fa-
vorable for microbial growth, i.e., ambient pressure and temper-
ature and near-neutral pH; (ii) the standard reduction potential
at pH 7 is 0.76 V vs. standard hydrogen electrode (SHE)—
a value that is higher than the value for other electron acceptors
commonly present in anaerobic environments (such as SO,
and CQO,), but lower than oxygen evolution (0.82 V vs. SHE at

100%
( ) -

pH 7); (iii) the potential difference between the anode and the
silver oxide electrode is large enough to support energy extrac-
tion for human needs and to also sustain exoelectrogen growth
and competition for electron donors (11, 17); (iv) hydroxyl
alkalinity generated by reduction of silver oxide to silver at the
cathode neutralizes acidity produced at the anode; and (v)
silver has well-documented antimicrobial properties, prevent-
ing growth of microorganisms on the silver-oxide electrode and
enabling operation within a single chamber without an ion-
exchange membrane.
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Fig.4. MB energy recovery with a 2,000 Q loading and a Ag,O/Ag solid-state electrode with coupled electrochemical regeneration of the Ag,0/Ag electrode.
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Electrode samples were prepared by embedding silver nano-
particles on a carbon cloth substrate followed by electrochemical
oxidation (SI Appendix, Fig. S1). X-ray diffraction (XRD) veri-
fied the formation of silver oxide (SI Appendix, Fig. S2). Scanning
electron microscope (SEM) images of the electrode surface are
shown in Fig. 24. The silver-oxide electrodes were tested in
a phosphate buffer solution (PBS, 200 mM, pH 7) to simulate
operational conditions in MBs. The reduction potential under
different current densities was recorded (Fig. 2B). Electrode
potentials were constant during reduction, indicating that solid-
phase reduction of silver oxide to silver was stable With reducing
currents that varied from 0.01 to 1 mA/cm? (a typical operating
current density range for microbial anodes), the reduction poten-
tials of the electrodes remained stable at 0.53-0.49 V vs. SHE (Fig.
2B and SI Appendix, Fig. S3). These values were much higher
than those of oxygen reduction (from 0.43 to —0.07 V vs. SHE)
catalyzed by a commercially available platinum (Pt) electrode (Pt
nanoparticles on a carbon cloth substrate) under the same con-
ditions (SI Appendix, Fig. S3). Higher voltage outputs are at-
tributed to lower overpotential losses (0.23-0.27 V for Ag,0O vs.
0.39-0.89 V for O,), and the superior electrochemical properties
of the Ag,O/Ag couple. When the same Ag,O/Ag electrode was
operated in a sodium hydroxide electrolyte (NaOH, 1 M, pH 14),
a typical condition in Ag,O/Ag batteries, the overpotentlal loss
was less than 0.05 V at a current den51ty of 1 mA/em? (SI Appendix,
Fig. S4). The greater losses observed in the PBS electrolyte were
probably due to surface changes in the Ag,O/Ag electrode at
neutral pH or local increase in pH near the Ag,O/Ag electrode
surface during reduction.

The anode materials for MBs can be carbon cloth (20), gra-
phite brush (21), or carbon nanotube/graphene-coated macro-
porous substrate, such as sponge (22, 23). Fig. 2C shows SEM
images of a commercially available carbon cloth electrode col-
onized by exoelectrogens. The exoelectrogens remove electrons
from electron donors in the electrolyte and transfer the electrons
to the electrode by direct surface contact, diffusion of electron
shuttles, and/or conduction through microbial nanowires (17, 24,
25). Electrochemical impedance spectroscopy (SI Appendix, Fig.
S5) and cyclic voltammetry (Fig. 2D) established that exoelec-
trogens were actively oxidizing organics: In electrolyte amended
with glucose (~1 g/L, an electron-equivalent concentration sim-
ilar to that of typical domestic wastewater), a strong signal for
electron transfer was only seen with carbon cloth colonized by
microorganisms (SI Appendix, Fig. S5), and a positive current
peak resulted from the oxidation of glucose (Fig. 2D).

Single-chamber MBs were built by placing the precolonized
microbial anodes and silver-oxide cathodes into a bottle con-
taining 100 mL glucose electrolyte (~1 g/L). The potentials of
the microbial anode and the Ag,O/Ag electrode were recorded
for a fixed current density of 0.1 mA/cm> As shown in Fig. 34,
the anode potential was stable at —0.12 V vs. SHE. This indicates
that anode microbial activity was not affected by colocation of
the Ag,O/Ag electrode in the same chamber. Because the vol-
ume of the system was large and the current relatively small, the
decrease in glucose levels was not large enough to change the
anode potential. The operating potential of the Ag,O/Ag elec-
trode was about 0.52 V. The potential dropped quickly when the
Ag,0O/Ag electrode reached its capacity for storage of electrons,
and most of the silver oxide was reduced to silver. At this point,
the Ag,O/Ag electrode requires removal and regeneration with
a terminal electron acceptor, such as oxygen (Fig. 1, step 2).

Reoxidation of silver by oxygen to silver oxide is thermody-
namically favorable (AG = —22.6 kJ/mol at 25 °C and 1 atm O,)
and is therefore expected to occur spontaneously (26). A thin
silver-oxide layer is in fact observed when a clean silver surface
is exposed to oxygen at normal pressures (27, 28). Complete
oxidation occurs at 300 °C and 2 MPa O, (29). Simply bub-
bling oxygen through an aqueous solution of silver nanoparticles
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results in partial oxidation (30). Three different regeneration
methods were investigated: direct exposure to air at room tem-
perature (~20 °C), exposure to air at 90 °C, and immersion in
aerated water bubbled with air. In all cases, the open circuit
potential of the Ag,O/Ag electrode returned to about 0.48 V vs.
SHE after regeneration, but the operating potential dropped
significantly when a reducing current was applied (SI Appendir,
Fig. S6A4). The oxidation capacity—defined as the amount of
charge delivered to the cathode before the operating potential of
the Ag,O/Ag electrode fell to values less than 0.3 V vs. SHE—
increased with the regeneration time (SI Appendix, Fig. S6B).
After a 24-h regeneration period, the oxidation capacity could
last for a few minutes when the reducing current was 0.1 mA/cm?
(81 Appendix, Fig. S6A4). Direct oxidation through such means
could avoid use of noble metal catalysts for electrochemical re-
duction of O,. Electrochemical reoxidation is also an option
for regeneration. Because this step occurs outside the MB, tem-
perature, pressure, and electrolyte composition can be optimized.
As proof-of-concept, we used a sodium hydroxide solution (NaOH,
1 M, pH 14) as the electrolyte and a commercially available Pt
electrode for oxygen reduction. As shown by the polarization
curves in Fig. 3B, a voltage of 0.20-0. 35 V was needed at a re-
generation current of 0.01-1 mA/cm> After regeneration, the
Ag,0O/Ag electrode was reinstalled in the MB with resumption of
energy recovery (Fig. 34). Because the Ag,O/Ag redox couple is
reversible, the charge-discharge of Ag,O/Ag electrode in a NaOH
electrolyte had a coulombic efficiency >97% over 200 cycles. A
20% drop in charge storage capacity occurred over the first 30
cycles—probably due to some loss of Ag,O/Ag, but ~70% of the
capacity remained after 200 cycles (SI Appendix, Fig. S7).
Plate-shaped MBs with compact design (3 x 3 x 0.3 cm )were
constructed with precolonized mlcroblal anodes (3 x 3 cm?)
and silver-oxide cathodes (3 x 3 cm?) to estimate the efficiencies
of MBs (SI Appendix, Fig. S8). The chamber was filled with 2 mL
of glucose solution with an initial chemical oxygen demand
(COD) of 1,170 mg/L. In this case, the oxidation capacity of the
Ag,O/Ag electrode was sufficient to maintain a stable operating
potential for one cycle, whereas potential of the microbial anode
changed as glucose concentration became limiting. Output voltage
of the cell decreased. The open circuit voltage was 0.78 V. With
a 2,000-Q external loading, the maximum output voltage was
0.69 V (Fig. 3C). When the voltage dropped to 0.4 V, solution
COD decreased to 130 mg/L, a removal efficiency of 89%. The
total charge, calculated by integrating the generated current
over time, established that ~92% of the organics removed were
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Fig. 5. Voltage profile of a plate-shaped MB oxidizing municipal waste-
water organic matter with a 2,000 Q loading. The MBs were equipped with
precolonized carbon cloth anodes and silver-oxide cathodes. The feed was
domestic wastewater with an initial COD of 390 + 38 mg/L.
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oxidized and contributed to current generation. No microbial
growth was observed on the Ag,O/Ag cathode. Operation at two
other loadings (1,000 € and 500 Q) was also investigated (Fig.
3C) with similar results. COD removal efficiencies were 91 and
92% for 1,000 Q and 500 Q loadings, respectively, and, in both
cases, coulombic efficiency was 91%. Fig. 3D shows the voltage
profiles of plate-shaped MBs in three consecutive cycles with
a 2,000-Q loading. A higher voltage cutoff of 0.5 V was applied
to maintain microbial activity over multiple cycles. The perfor-
mance of the later two cycles was similar. The maximum output
voltages (~0.62 V) were not as high as the first cycle, probably
because there was insufficient time for recovery of microbial ac-
tivity before glucose concentration again became limiting. COD
removal efficiencies were 85 (cycle 1), 84 (cycle 2), and 82% (cycle
3), and coulombic efficiencies were 91-92% in all cases.

Fig. 4 summarizes the energy flow of the MB with a 2,000-Q
load (Fig. 3C) followed by electrochemical regeneration of the
solid-state (Ag,O/Ag) electrode (SI Appendix, for calculation
details, and Figs. S9 and S10). For this analysis, we consider all
of the added glucose and assume that the total chemical energy
is the combustion energy (2.8 x 10 kJ/mol for glucose) (26).
This assumption enables comparison with energy conversion by
methane fermentation with combined heat and power (CHP).
The energy balance is as follows: about 11% of the energy in the
added glucose is retained in the electrolyte as residual electron
donors; of the 89% removed, ~7% is used for biomass synthesis,
leaving ~82% for microbial energy production; ~12% is used for
microbial metabolism; overpotential at the solid-state electrode
resulted in another 16% energy loss; and 10% energy loss
resulted from losses due to internal resistance and diffusion
limitations. The gross efficiency of electrical energy production
was ~44%. This number increases to ~49% if the energy recovered
is divided by the energy of the organic matter consumed. The
energy required for electrochemical reoxidation ranged from
~14-24%, depending upon the current density (0.01-1 mA/cm?)
applied. This step involves a tradeoff: reoxidization at higher
current densities consumes more energy but is more rapid, so
less electrode material is required for continuous electricity
generation. The net energy conversion efficiency for energy pro-
duction and electrode reoxidation was ~20-30% based on the
organic matter added and ~21-33% based on the organic matter
consumed. These values are comparable to methane fermentation
with CHP (7).

The MB offers an alternative for energy recovery from soluble
electron donors. Compared with methane production with CHP,
it is likely to have fewer safety concerns and reduced environ-
mental impact because methane production is avoided. The
single-chamber design without ion-exchange membranes should
be adaptable to different scales of operation. An obvious appli-
cation is removal of biodegradable organics from domestic and
industrial wastewaters. The same plate-shaped MB was tested
with real domestic wastewater collected from a sewer at Escon-
dido Village at Stanford University. Fig. 5 illustrates the voltage
profile for oxidation of this wastewater-fed MB with a 2,000-Q
external loading. The voltage profile decreased gradually from
0.69 to 0.4 V during operation. This differed from the voltage
profile of the glucose-fed MB, where a stable voltage plateau was
followed by a decrease as glucose levels became limiting. This
difference was likely due to differences in the biodegradability of

1. International Energy Agency (2012) Key World Energy Statistics (Int Energy Agency,
Paris).

2. British Petroleum (2011) Statistical Review of World Energy (Brit Pet, London).

3. Intergovernmental Panel on Climate Change (2001) Climate change 2001: The sci-
entific basis (Intergov Panel Clim Change, Cambridge United Kingdom).

4. Tiedje J, Donohue T (2008) Microbes in the energy grid. Science 320(5879):985.

5. Yen TF ed (1977) Chemistry of Marine Sediments (Ann Arbor Sci, Ann Arbor, MI).

6. Logan BE, Rabaey K (2012) Conversion of wastes into bioelectricity and chemicals by
using microbial electrochemical technologies. Science 337(6095):686-690.
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municipal wastewater organics, with initial oxidation of readily bio-
degradable substances followed by oxidation of less-biodegradable
substances. The COD removal efficiency was 53% from 390 to
170 mg/L, and the coulombic efficiency was 84%. The efficiency
of electrical energy conversion was 38% based on the combus-
tion enthalpy of COD removed or 22% based on total COD in
the wastewater. The results demonstrate that the MB concept
can be generalized for treatment of complex organic mixtures.
For larger-scale applications, however, the high capital cost of
the silver-based electrode would be prohibitive. More cost-
effective materials are needed for fabrication of rechargeable
solid-state electrodes.

Materials and Methods

Silver-oxide electrodes were prepared using a slurry-coating process fol-
lowed by electrochemical oxidation. Silver nanoparticles (20 nm, SkySpring
Nanomaterials, Inc., 85% wt) were mixed with conductive carbon black
(Super-P, TIMCAL, 8% wt) and PVDF (Sigma-Aldrich, 7% wt) in NMP (Sigma-
Aldrich). The mixture was stirred overnight and successively coated onto
a carbon cloth (Fuel Cell Earth, LLC). The electrodes were dried in vacuum,
resulting in a mass loading of ~20 mg/cm?. The silver electrode was then
oxidized electrochemically in a sodium hydroxide solution (NaOH, 1 M, pH
14) at a current density of 1 mA/cm?. The process was stopped after the potential
increased to 0.3 V vs. Ag/AgCl to avoid formation of silver peroxide (AgO). A
carbon cloth-supported platinum (Pt) electrode (Pt loading 0.5 mg/cm?, Fuel
Cell Earth, LLC) was used for oxygen reduction. Carbon cloth microbial
anodes were used. These anodes were colonized in traditional H-shaped
MFCs for more than 1 mo until a stable current was obtained (22). Titanium
wires were used to connect the electrodes to the external circuits.

Plate-shaped MBs were manufactured at the Varian Physics Machine Shop
at Stanford. Two pieces of Plexiglas, with a groove of 3 x 3 x 0.15 cm on each
piece, were screwed together to form a chamber of 3 x 3 x 0.3 cm. A pre-
colonized carbon cloth microbial anode (3 x 3 cm) and a carbon cloth-sup-
ported silver-oxide cathode (3 x 3 cm) were installed on each side with
a separation distance of about 0.2 cm. Different resistors (500-2,000 Q) were
applied as external loading, and the output voltages were recorded. The
MBs were first filled with a phosphate buffer (PBS, 200 mM, pH 7). Oxidation
of residual organic matter was accompanied by a decline in output voltage
to 0.4 V. The electrolyte volume (2 mL) was replaced with fresh PBS buffer
containing ~1 g/L glucose, and the current generation cycle was repeated.
After the output voltage returned to 0.4 V, operation was stopped and the
electrolyte analyzed.

Electrochemical characterization was achieved with a three-electrode
setup using a BioLogic VMP3 potentiostat-galvanostat equipped with an
electrochemical impedance spectroscopy (EIS) board. A double-junction
Ag|AgCI|KCI (3.5 M) reference electrode (RE) was used for the measurement,
with a Pt counter electrode (CE) used as necessary. EIS was conducted at the
open circuit voltage (OCV) in the frequency range of 10°-0.1 Hz with a
10 mV peak-to-peak sinusoidal potential perturbation. Cyclic voltammetry
tests were performed on the microbial anodes over the potential range,
—0.5 to —0.2 V vs. RE at a sweep rate of 1 mV/s. Polarization curves were
obtained by changing the current density from 0.01 to 1 mA/cm? and
monitoring potential until equilibrium was observed (at least 10 min). Ox-
ygen reduction measurements were performed while the electrolyte was
bubbled with air (~100 mL/min). XRD measurements were carried out with
a PANalytical X'Pert (Ni-filtered Cu Ko radiation), and scanning electron
microscope (SEM) images were taken by FEI Nova NanoSEM. For SEM, the
anode sample was pretreated with a fixing and critical point-drying process
(22). The COD of the electrolyte was determined using a HACH COD analysis
kit (HACH, Co.).
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