
A membrane-less enzymatic fuel cell with layer-by-layer
assembly of redox polymer and enzyme over graphite
electrodes†

Saravanan Rengaraja, Vigneshwaran Manib, Paul Kavanagha, James Ruslinga,b, and Dónal
Leecha,*

aSchool of Chemistry, National University of Ireland, Galway, Ireland bDepartment of Chemistry,
University of Connecticut, Storrs, USA

Abstract
Layer-by-layer (LBL) assembly of alternate osmium redox polymers and glucose oxidase, at
anode, and laccase, at cathode, using graphite electrodes form a membrane-less glucose/O2
enzymatic fuel cell providing a power density of 103 μW cm−2 at pH 5.5.

Enzymes can be used as catalysts in fuel cells, oxidizing the fuel at the anode and reducing
the oxidant at the cathode, to convert chemical energy to electrical power.1–4 In particular,
research has focused on glucose/O2 enzymatic fuel cells (EFC), utilizing glucose oxidase
(GOx) for glucose oxidation at the anode and laccase for O2 reduction at the cathode, with
potential application to powering implanted or portable electronic devices.5–9 Harnessing
enzyme electron transfer activity can be achieved by direct electron transfer (DET) between
the enzyme active site, typically embedded in an insulating protein shell, and the electrode.
Though feasible for some enzymes,10 this approach can limit the current and power density
in EFCs mainly due to low, sub-monolayer, coverage and inappropriate orientation of
enzyme at the electrode surface.11 In general, mediated electron transfer (MET) to/from
enzyme active sites, for example using redox polymers, permits assembly of 3-dimensional,
electrically-contacted films capable of producing current and power densities several orders
of magnitude higher than that of their DET type counterparts,12–15 although use of
nanostructured surfaces can help promote DET to/from enzyme active sites for EFC
applications.16 Immobilization of redox polymer and enzyme at electrodes can ensure high
EFC current and power densities, whilst preventing short circuiting of current-flow.14,15

Redox polymers and enzymes have been immobilized on electrodes using covalent
linkage17 drop-coating18 hydrogel formation19 and layer-by-layer adsorption20 approaches.
Alternate layer-by-layer (LBL) electrostatic adsorption of charged polymers and enzymes is
a simple method to build 3D electrocatalytic structures providing spatial distribution of
redox polymer and enzymes.20

Most LBL assemblies are developed at gold electrodes although using graphite instead of
gold electrodes eliminates the need for thiol modification to facilitate adsorption of the
primary cationic layer.21–23 We report here the first study of a fully assembled membrane-
less EFC in which both the anode and the cathode use redox polymer-enzyme LBL
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assembly at graphite electrodes. Previously we reported on an EFC based on crosslinked
GOx or laccases with osmium redox polymer films at graphite5 and glassy carbon
electrodes.24 The redox polymers [Os(4,4′-dimethoxy-2,2′-
bipyridine)2(polyvinylimidazole) 10Cl]+,25,26 Eo′ = −0.05 V vs. Ag/AgCl (polymer I) and
[Os(4,4′-dichloro-2,2′-bipyridine)2(polyvinylimidazole) 10Cl]+,13,26 Eo′ = +0.35 V vs. Ag/
AgCl (polymer II) are selected to provide a voltage output in a glucose/O2 EFC assembly,
whilst facilitating a thermodynamically favourable transfer of electrons from the GOx active
site (Eo′ = −0.35 V vs. Ag/AgCl)25 to the T1 Cu site of a Trametes hirsuta laccase (ThLacc,
Eo′ = +0.57 V vs. Ag/AgCl).27 Biocatalytic anodes and cathodes are assembled by
contacting basal plane graphite electrodes alternately to redox polymer and enzyme (GOx
1500 U/ml or ThLacc 390 U/ml) solutions with a schematic of a self assembled (polymer I/
GOx)2 film shown in Fig. 1(a). The isoelectric point of native GOx is 4.05,28 whilst that for
ThLacc is 4.2,29 ensuring negatively charged enzyme in the deposition solutions of pH 7.4
and 5.0 respectively.20

Cyclic voltammetry in the absence of glucose for polymer I/GOx films, Fig. 1(b), displays
Os(II/III) redox transition at −0.05 V vs. Ag/AgCl.25 Osmium surface coverages of 7.8 ×
10−9 mol cm−2 and 1.6 × 10−8 mol cm−2 for films of (polymer I/GOx)1 and (polymer I/
GOx)2, respectively, compare well to that of 8.3 × 10−11 mol cm−2 reported for LbL
assembly of an (osmium redox polymer/GOx)2 at a modified gold surface. 20 In the presence
of 0.1 M glucose at pH 7.4 sigmoidal signals indicative of bioelectrocatalytic glucose
oxidation, Fig. 1(c), yield current densities of 190 and 540 μA cm−2 for (polymer I/GOx)1
and (polymer I/GOx)2 films, respectively. The 3 fold increase in current density for the
(polymer I/GOx)2 film over the (polymer I/GOx)1 film, whilst only recording a 2 fold
increase in osmium surface coverage could be due to a larger proportion of GOx molecules
adsorbed in the second bilayer, further supported by monitoring of mass adsorbed for such
systems at treated gold electrodes (Fig. S1 supplemental information).30 Current densities
for glucose oxidation by (polymer I/GOx)2 films are comparable to the 600 μA cm−2

observed for a crosslinked system at miniaturised carbon fibre electrodes.26

A LbL approach used for (polymer II/ThLacc)2 films yields osmium surface coverage of 6.9
× 10−9 mol cm−2, with lower surface coverage due to incomplete dispersion/dissolution of
polymer II compared to polymer I in the coating solutions, as observed previously.24 The
osmium surface coverages are nonetheless higher than the picomoles/cm2 coverages
reported for LBL assemblies of osmium redox polymer/laccase at modified gold surfaces.31

A membrane-less EFC with (polymer I/GOx)2 as anode demonstrates steady state glucose
oxidation current density of 510 μA cm−2 and 240 μA cm−2 at pH of 7.4 and 5.5,
respectively, confirming higher enzyme activity at neutral pH (Fig. 2).32 In the same
solution the (polymer II/ThLacc)2 cathode provides oxygen reduction current densities of 60
μA cm−2 and 330 μA cm−2 at pH of 7.4 and 5.5, respectively, reflecting the lower activity of
ThLacc at neutral pH.5,6 The oxygen reduction current densities compare well to current
densities of ~40 μA cm−2 for the crosslinked films on glassy carbon at pH 4.513 and current
densities of 280 μA cm−2 for crosslinked films on graphite at pH 4.7.5 In addition films of
polymer II cross-linked with bilirubin oxidase on carbon cloth yield oxygen reduction
current densities of ~300 μA cm−2 when rotated at 100 rpm.33 The membrane-less EFC was
polarized under variable load conditions in non-stirred oxygenated buffer in 0.1 M glucose,
0.15 M NaCl, at 37 °C to yield maximum power density of 103 μW cm−2 (at 0.35 V), at a
current density of 380 μA cm−2 in pH 5.5 buffer (Fig. 3a). A maximum power density of 40
μW cm−2 (at 0.42 V), at a current density of 150 μA cm−2 was observed when the
membrane-less EFC operated in pH 7.4 buffer. Consistent with other studies,8,18,19 an open
circuit voltage of 0.6 V observed for EFCs is greater than the difference between the redox
polymer mediator potentials (0.4 V), postulated to occur because of a DET for oxygen
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reduction at the T1 copper redox potential at the ThLacc cathode.34 The presence of
catalytic currents for oxygen reduction at potentials more positive than the Os(II/III)
transition for polymer II in Fig. 2 provides further evidence that DET can contribute to the
oxygen reduction current. The relatively low coverage of osmium for the (polymer II/
ThLacc)2 films may permit adsorption of ThLacc onto the underlying graphite for DET to
occur. As expected, independent cell polarization studies reveal that higher cathode current
densities are sustained at pH 5.5 compared to pH 7.4 (Fig. 3b, c).

The power density is an improvement on the 40 μW cm−2 at pH 5.5, and 16 μWcm−2 at pH
7.4, obtained using crosslinked redox hydrogels of GOx and laccase at graphite electrodes,5
and the 12.6 μWcm−2 for an EFC based on LBL self assembly of enzymes and gold
nanoparticles on planar gold electrodes reported by Deng et al.35 The results also compare
well with that obtained for an EFC using films of polymer I with glucose oxidase and
polymer II with bilirubin oxidase on carbon fibre electrodes, which yielded 244 μW cm−2 at
0.36 V under physiological conditions.26

In conclusion we demonstrate that LbL assembly provides a facile method for production of
redox polymer-based EFCs that can provide maximum power densities of 40 μW cm−2 at
pH 7.4 or 103 μW cm−2 at pH 5.5. Improvements may be achieved by using LBL assembly
to form thicker films (μ2 bilayers) and by use of alternate enzymes and redox polymers.
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Fig. 1.
(a) Diagram showing layer by layer assembly of (polymer I/GOx)2 films at graphite
electrode. CVs of (polymer I/GOx)1 (grey) and (polymer I/GOx)2 (black) films in 0.1 M
potassium phosphate buffer containing 0.15 M NaCl at 37 °C, pH 7.4 in (b) absence and (c)
presence of 0.1 M glucose. Scan rate 5 mVs−1.
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Fig. 2.
Catalytic CVs of assembled EFC of (polymer I/GOx)2 (left) and (polymer II/ThLacc)2
(right) films in oxygen-saturated 0.1 M potassium phosphate buffer containing 0.15 M NaCl
at 37 °C, in the presence of 0.1 M glucose. Scan rate 5 mVs−1 (electrodes dried for 12 h).
Grey pH 7.4 and black pH 5.5.
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Fig. 3.
(a) Power density curve of an EFC composed of (polymer I/GOx)2 and (polymer II/
ThLacc)2 films in oxygen-saturated 0.1 M potassium phosphate buffer containing 0.15 M
NaCl at 37 °C, in the presence of 0.1 M glucose, at pH 5.5 (black square) and pH 7.4 (grey
square). Cell behaviour during polarization of EFC at pH 5.5 (b) and pH 7.4 (c). (Grey line
—Cell potential, Black line-Cathode potential, Dashed line—Anode potential).
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