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MICROBIAL FUEL CELLS

Silver nanoparticles boost charge-extraction
efficiency in Shewanella microbial fuel cells
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Microbial fuel cells (MFCs) can directly convert the chemical energy stored in organic matter to
electricity and are of considerable interest for power generation and wastewater treatment. However, the
current MFCs typically exhibit unsatisfactorily low power densities that are largely limited by the
sluggish transmembrane and extracellular electron-transfer processes. Here, we report a rational
strategy to boost the charge-extraction efficiency in Shewanella MFCs substantially by introducing
transmembrane and outer-membrane silver nanoparticles. The resulting Shewanella-silver MFCs deliver a
maximum current density of 3.85 milliamperes per square centimeter, power density of 0.66 milliwatts
per square centimeter, and single-cell turnover frequency of 8.6 x 10° per second, which are all
considerably higher than those of the best MFCs reported to date. Additionally, the hybrid MFCs feature
an excellent fuel-utilization efficiency, with a coulombic efficiency of 81%.

icrobial fuel cells (MFCs) can directly
convert chemical energy stored in
many sources of biodegradable organ-
ic matter to electrical energy through
microorganism metabolism (7, 2). A
diverse range of bacterial species (3) and the
wide range of fuels (4, 5) make MFCs an at-
tractive technology for renewable bioelec-
tricity power generation from biomass and
wastewater treatment (6). For this reason,
MFCs have attracted increasing attention from
academic and industrial communities (7).

Among the bacteria that power these systems,
Shewanella species are widely studied for bio-
remediation and environmental energy recov-
ery because of their robust growth in both
aerobic and anaerobic environments (8) and
rich distribution in soil and seawater (9). How-
ever, the current density and power density
obtained from typical Shewanella MFCs are
generally too low for practical applications
(4, 10). The low power output is largely lim-
ited by the bacterial anodes because of low
bacterial loading capacity (6, 11) and/or rela-

tively poor extracellular electron-transfer effi-
ciency (12, 13).

Considerable efforts have been devoted to
improving the MFC anodic electrodes by in-
creasing the bacteria loading capacity or en-
hancing the electrode conductivity (14). For
example, three-dimensional electrodes with
mesoporous structures could provide higher
specific surface area and larger space for more
bacteria loading (15, 16). Carbon nanomate-
rials, such as graphene (17), carbon nanotubes
(18-20), and their composites with noncarbon
materials (21), have been explored for reduc-
ing the charge-transfer resistance. Addition-
ally, metal nanoparticles have been explored
to improve the cell-electrode charge transfer
and the current output (12, 13), whereas the
exact location and the fundamental role of
such nanoparticles remain elusive, and the
potential of such approach to the improved
MFC power output is yet to be demonstrated.
Despite these strategies, the output power
density of the MFCs to date has hit a plateau
(8) and rarely exceeds 0.3 mW/cm?, which is
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Fig. 1. Characterization of Shewanella biofilms. (A to C) Confocal laser scanning microscopy (CLSM) images of the Shewanella biofilms on (A) carbon paper, (B)
rGO, and (C) rGO/Ag. (D to F) Scanning electron microscopy (SEM) images of the biofilms on the (D) carbon paper, (E) rGO, and (F) rGO/Ag.
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likely due to limited efficiencies in transmem-
brane and extracellular electron-transfer pro-
cesses (22).

Within the bacteria in MFCs, the electrons
produced by catabolic processes in the bacte-
rial cytoplasm are transferred to the electrode
surface through a series of direct or indirect
electron-transfer processes (fig. S1) (23-25).
Overall, the transmembrane and extracellular
electron-transfer processes generally involve
sluggish electron hopping through redox centers
in atypical conductors or through multiple re-
dox cycles, which could severely limit the
charge-transfer efficiency. Therefore, to break
through the power limit of the current MFCs, it
is essential to design anodic electrodes that
can fundamentally address these charge-transfer
limitations to efficiently extract the metabolic
electrons to the external electrodes (26, 27).

Here, we report a rational strategy to boost
the transmembrane and extracellular electron-
transfer processes in Shewanella MFCs con-
structed with reduced graphene oxide-silver
nanoparticle (rGO/Ag) scaffolds. Our system-
atic studies show that the rGO/Ag can re-
lease positively charged silver ions, which
facilitate Shewanella attachment to rGO/Ag
scaffolds to form dense biofilms and produce
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the Shewanella-Ag hybrids with greatly en-
hanced electron-transfer efficiency to improve
the bacteria turnover frequency (TOF) and
boost the overall MFC performance.

Shewanella biofilm formation

To fabricate a functional MFC, the bacteria
must form dense biofilms on the anode sur-
face to ensure efficient charge transfer from
the individual bacteria to the external elec-
trode (2), which is the origin of the MFC cur-
rent and power output (28). To evaluate the
effectiveness of our approach, we have used
three different anodic electrode materials—
carbon paper, carbon paper with rGO, and
carbon paper with rGO/Ag (fig. S2)—to test
the compactness and thickness of the biofilms,
in which the carbon paper, the most widely
and commercially available MFC anodes, and
rGO are used for control experiments.
Although silver is often perceived to exhibit
antibacterial properties for bacteria (29, 30),
such as Escherichia coli (fig. S3), it does not
appreciably affect the viability of Shewanella.
In particular, our biocompatibility evaluation
by a confocal laser scanning microscope (CLSM)
alive-dead staining assay reveals distinct green
fluorescence, which originates from the SYTO
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9 dye in the living bacteria, indicating that the
rGO/Ag electrode is biocompatible. The num-
ber of living cells on the rGO/Ag is larger than
that on the carbon paper and the carbon paper
rGO composite (Fig. 1, A to C). Ag thus does
not undermine the Shewanella bacterial via-
bility (viability of 93% for rGO/Ag versus 95%
for carbon paper and 92% for rGO; see fig. S4
for more details).

Scanning electron microscopy (SEM) images
can further reveal biofilm structures with
greatly variable bacterial density (Fig. 1, D to
F). Compact biofilms consisting of densely
packed, bar-like bacteria (~0.5 ym by ~2 um)
are found on the rGO/Ag electrodes (Fig. 1F),
whereas the biofilms formed on rGO or carbon
fibers are much less dense. These SEM studies
are largely consistent with the confocal fluo-
rescence studies and demonstrate that the
presence of the Ag is beneficial to denser bio-
film formation.

Shewanella MFC tests and performance

Before constructing full MFCs, the output cur-
rent density of the anode materials was first
evaluated with a three-electrode system in an
electrochemical half-cell (31). Notably, the max-
imum current density output from the rGO/Ag
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Fig. 2. Performance comparison of Shewanella MFCs with different anodes. (A) Voltage output of double-chamber MFCs with three different anodic materials.
(B) I-V curves (left axis, open symbols) and power polarization (right axis, filled symbols) curves of the MFCs with three different anode materials. (C) MFC
power density versus time curves for long-term stability and repeated cycling tests. (D) Comparison of the current densities with state-of-the-art MFCs. PANI,
polyaniline. (E) Comparison of the MFC power density. (F) Coulombic efficiency (QE) of three different electrodes and their comparison with the state-of-art MFCs
made on different electrode materials. CNT, carbon nanotube; VA, vertically aligned.
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Fig. 3. Turnover frequencies (TOFs) of Shewanella MFCs with different anodes. (A) Comparison of bacterium number on three different electrodes. (B) Comparison of
the maximum current density from three different electrodes. (C) Comparison of the calculated TOFs for the biofilms on the carbon paper, rGO, and rGO/Ag electrodes.

electrode can reach up to 0.92 mA/cm?, which is
considerably higher than that from either car-
bon paper (0.06 mA/cm?) or rGO (0.12 mA/cm?)
electrodes (fig. S5).

To evaluate the power output, we have con-
structed the full-cell MFC device in a double-
chamber container (fig. S6). The output voltage
from the MFC increases continuously with in-
cubation time and reaches a nearly constant
value in ~2 days (Fig. 2A), indicating success-
ful establishment of a functional MFC (74, 32).
When the MFC voltage output is steady, dif-
ferent load resistors are connected to the anode
and the cathode to obtain current versus volt-
age (I-V) curves and power polarization curves
(Fig. 2B). The I-V curves show a similar open-
circuit voltage around 0.7 V for all three elec-
trodes, which is consistent with the maximum
voltage output from similar MFCs. Notably,
the rGO/Ag electrode shows a maximum cur-
rent output of 3.85 + 0.05 mA/cm?, which is
much higher than that from carbon paper
(0.34 mA/cm?) or rGO (0.62 mA/cm?) electro-
des (Fig. 2D). The maximum power density
from the rGO/Ag electrode reaches up to
0.66 = 0.03 mW/cm?, which is also much
larger than that for carbon paper anodes
(0.05 mW/cm?) or rGO anodes (0.13 mW/
cm?). Such enhancements of current and
power output by Ag nanoparticles are repro-
ducible across multiple measurements (fig.
S7). The output current and power observed
in the Shewanella biofilm on rGO/Ag electrode
are also higher than those reported previously
with other electrode materials such as poly-
aniline (PANTI) gel (33), graphite felt (34), and
others (Fig. 2, D and E, and table S2).

We have also evaluated the output per-
formance of the MFCs over long-term opera-
tion. Voltage output from the MFC drops
sharply after ~80 hours of stable operation,
which can be attributed to the exhaustion of
the nutrient in the anode medium. We con-
ducted a cyclic test by periodically refreshing
the anodic medium with nutrient when the
voltage output drops below 0.05 V (Fig. 2C).

Cao et al., Science 373, 1336-1340 (2021)

After adding the new medium with lactate
as the nutrient, the output power density is
rapidly restored to its original value, which
confirms that the voltage drop is due to nu-
trient exhaustion. Similar behavior is observed
for all three types of electrodes. On the basis of
the amount of nutrient added and total charge
output for each cycle, we can also derive the
coulombic efficiency of the MFCs. The MFC
with rGO/Ag anode shows a coulombic effi-
ciency of ~81%, much higher than those with
carbon paper (~17%) and rGO (~41%) anodes
and those reported previously (Fig. 2E and
table S3), which indicates more-efficient use
of the nutrients for power generation.

Enhanced TOFs and charge-extraction efficiency

The increased current density from the rGO/
Ag anode could be attributed to a larger num-
ber of bacteria in the anode biofilm or to
more-efficient charge transport and less charge
loss owing to the improved charge-transfer
process. To decouple these two potential fac-
tors, we quantified and compared the number
of bacteria in each type of anode by combining
the hemocytometer and total nitrogen analy-
sis kit (fig. S8). With the estimated bacteria
number for each electrode (Fig. 3A) and
the maximum current output (Fig. 3B), we
calculated the TOF for the bacteria on each
electrode (Fig. 3C). Overall, the carbon paper
and rGO electrodes show a comparable TOF
(~3.9 x 10°/s for carbon paper and ~4.2 x 10%/s
for rGO), whereas the rGO/Ag electrode shows
a TOF about twofold higher (~8.6 x 10°/s), which
indicates much higher electron extraction and
transport efficiency in the rGO/Ag electrode.

The transmembrane structure of
Shewanella-Ag hybrids

To elucidate the origin of the enhanced charge-
extraction efficiency and the boosted TOFs in
rGO/Ag electrode, we have conducted scan-
ning transmission electron microscopy (STEM)
and energy-dispersive x-ray spectroscopy (EDX)
elemental mapping studies of the bacteria on
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the rGO/Ag anode after a complete MFC cycle.
The STEM and EDX mapping studies reveal
enrichment of Ag around the Shewanella
(Fig. 4A). To evaluate the spatial distribution
of Ag within an individual bacterium, we
have conducted STEM image and EDX ele-
mental mapping studies on ultrathin sections
of Shewanella-Ag hybrids. Notably, we found
abundant Ag nanoparticles near, inside, and
across the membrane area of the Shewanella
cells (Fig. 4B). The formation of Ag nano-
particles near the membrane area is not sur-
prising considering the heavy metal tolerance
of Shewanella and the well-known metal re-
duction capability of these types of bacteria
(4, 10). In this case, a likely scenario is that
the rGO/Ag electrode slowly releases the silver
ions, which diffuse toward Shewanella and
are reduced in situ by the electrons generated
by Shewanella metabolism to form Ag nano-
particles on and in the cytoplasmic membrane.

High-resolution STEM images and the cor-
responding EDX mapping images show that
some Ag nanoparticles traverse the entire
periplasmic space between the inner and outer
membranes and break through the outer
membrane (Fig. 4C). In membrane-associated
cytochromes involved in transmembrane and
extracellular electron-transfer processes, elec-
trons are transferred through multistep hopping
processes between Fe®*/Fe®* redox centers
(35). Because the metal electronic conductivity
is far higher than the redox center-mediated
charge-transfer process in cytochromes (mem-
brane or nanowires) (36, 37), the transmembrane
and outer-membrane Ag nanoparticles can
potentially act as metallic shortcuts to bypass
the sluggish electron-transfer process medi-
ated by the redox centers, making direct con-
tacts with external electrodes for more-efficient
charge extraction.

Electrochemical impedance analysis

‘We conducted electrochemical impedance spec-
troscopy (EIS) studies to understand the roles
of the Ag nanoparticles in the charge-transfer
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Fig. 4. Characterization of transmembrane structure of single bacterium. (A) STEM image and EDX elemental (carbon, oxygen, and silver) mapping of the
bacteria on the rGO/Ag electrode. (B) STEM image and EDX mapping of the ultrathin sections of the bacteria on the rGO/Ag electrode. (C) STEM image and EDX
elemental mapping of the transmembrane silver nanoparticles inside and traversing the cell membranes.

process. From the outset, both the electro-
chemical surface area and EIS (fig. S9) studies
show rather similar values for rGO and rGO/
Ag electrodes without biofilm, suggesting that
the Ag nanoparticles in rGO electrode archi-
tecture do not play a notable role in the charge-
transfer process and cannot explain the much
higher TOFs observed in the biofilms on rGO/
Ag electrode. We have further conducted EIS
studies on all three types of MFCs, consisting
of bacterial biofilm anodes made on carbon
paper, rGO, and rGO/Ag. The Nyquist plots
(Fig. 5) show two semicircles that can be at-
tributed to the charge-transfer processes in
cathode and anode (see fig. S10 for the equiv-
alent circuit). The first semicircle for all three
types of device gives a comparable charge-
transfer resistance of ~7 ohms, which repre-
sents the contribution from the cathode reaction
and is largely independent from the anode re-
action, as also identified by the same semi-
circles shown in the MFC blank tests (fig. S11).
The second semicircle originates from the
Shewanella biofilm and gives distinct charge-
transfer resistance values (Rp;iofim) Of 482, 102,

Cao et al., Science 373, 1336-1340 (2021)

A 500] B1oo C sl
Carbon Paper + rGO rGO/Ag
E4°°' — Fitting £ — Fitting €. | — Fitting
£ 300 & 60 610'
- 200/ ;40- : s -
N ) N
* 100 20 R o
Rubiofim .. o =~ Ruiofim -
01 - g*Rcath 01 > g"Rcath 542'&5

0 100 200 300 400 500
Z' (Ohm)

20 40 60 80 100 120 25 30 35 40 45
Z' (Ohm)

Z' (Ohm)

Fig. 5. EIS tests. (A to C) EIS of the biofilms on three different electrodes: (A) carbon paper, (B) rGO, and
(C) rGO/Ag along with the fitting curves. The Re.t is the charge-transfer resistance of ferricyanide cathode
reactions. The Ryiofiim IS the charge-transfer resistance from the anode bacteria biofilm. =Zim, xxxx; Zre, xxxx.

and 16 ohms for the anodes with carbon paper,
rGO, and rGO/Ag, respectively. It is apparent
that the charge-transfer resistance of the bio-
film on the rGO/Ag electrode is much lower
than that of the other two electrodes, which
can be attributed to increased numbers of
bacteria and, especially, the improved trans-
membrane and extracellular electron-transfer
efficiency due to the Ag nanoparticles. In par-
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ticular, the improved TOFs in rGO/Ag elec-
trode are largely attributed to the increased
electron-transfer efficiency.

Under anaerobic conditions with the lac-
tate as the sole nutrient, electrons transferred
extracellularly mostly originate from lactate
oxidation by lactate dehydrogenase (LDH)
(38). It is therefore instructive to compare
the TOFs achieved in our Shewanella biofilm
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with those achieved in individual enzyme
or in inorganic catalysts for similar reactions.
Considering that the approximate number
of copies of LDH in a bacterium is ~1000
(39, 40), the TOFs estimated for single LDH
are 394/s for normal Shewanella and 860/s
for Shewanella-Ag hybrids, which compare
favorably to those reported for isolated LDH
(TOF ~ 170 to 300/s) (41, 42). The higher TOFs
achieved in the Shewanella-Ag hybrids sug-
gest a critical role for the transmembrane Ag
nanoparticles in boosting the charge-extraction
and transfer efficiency. We note that the TOFs
achieved in LDH in the Shewanella biofilms are
several orders of magnitude higher than those
achieved in lactate dehydrogenation inorganic
catalysts (~0.03/s) (43), which highlights the
merits of exoelectrogenic bacteria in catalyzing
lactate oxidation. Together with our rGO/Ag
anodic electrode, high-density Shewanella bio-
films enable MFCs with improved power out-
put and coulombic efficiency. Shewanella-metal
hybrids thus provide an effective pathway to
break the electron-transfer limitations of nat-
ural bacteria and push the limit of the MFCs.
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Silver in the linings

The bacterium Shewanella oneidensis is well known to use extracellular electron sinks, metal oxides and ions in nature
or electrodes when cultured in a fuel cell, to power the catabolism of organic material. However, the power density of
microbial fuel cells has been limited by various factors that are mostly related to connecting the microbes to the anode.
Cao et al. found that a reduced graphene oxide—silver nanoparticle anode circumvents some of these issues, providing
a substantial increase in current and power density (see the Perspective by Gaffney and Minteer). Electron microscopy
revealed silver nanoparticles embedded or attached to the outer cell membrane, possibly facilitating electron transfer
from internal electron carriers to the anode. —MAF
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