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ABSTRACT: Enzymatic biofuel cells (EBFCs) utilize enzymes o curpent ¢ o
to convert chemical energy present in renewable biofuels into Glucosen, #GOKg b aneraNONT o, 08
electrical energy and have shown much promise in the euuconomcmnexqu% Ho ot
continuous powering of implantable devices. Currently, however,

EBFCs are greatly limited in terms of power and operational

stability with a majority of reported improvements requiring the
inclusion of potentially toxic and unstable electron transfer
mediators or multicompartment systems separated by a semipermeable membrane resulting in complicated setups. We report on
the development of a simple, membrane/mediator-free EBFC utilizing novel electrodes of graphene and single-wall carbon
nanotube cogel. These cogel electrodes had large surface area (~800 m* g™") that enabled high enzyme loading, large porosity for
unhindered glucose transport and moderate electrical conductivity (~0.2 S cm™") for efficient charge collection. Glucose oxidase
and bilirubin oxidase were physically adsorbed onto these electrodes to form anodes and cathodes, respectively, and the EBFC
produced power densities up to 0.19 mW cm™ that correlated to 0.65 mW mL™" or 140 mW g~ of GOX with an open circuit
voltage of 0.61 V. Further, the electrodes were rejuvenated by a simple wash and reloading procedure. We postulate these porous
and ultrahigh surface area electrodes will be useful for biosensing applications, and will allow reuse of EBFCs.
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B INTRODUCTION electron transfer from enzyme active site to electrode, and low
levels of active enzyme loading onto the electrodes. Attempts to

The prospect of sustainable energy generation from readily ; :
solve these issues have been focused on improvements to

available and renewable biofuels through the use of enzymatic

biofuel cells (EBFCs) has been the target of significant research electrode maAterlaAls and enzyme 1mmob1hzat19n strategles‘. AS

in recent years.l_s EBECs utilize enzvmes to convert the the redox active sites of many enzymes are buried deeply within

chemical energy in fuels such as glucojse 68 £ tosed M or the three-dimensional protein shell, it is difficult to establish
)

. 18,19
alcohols">™* into electrical power via oxidation of fuel at the direct electron transfer (DET) to the electrode. For

anode and reduction of an oxidant (typically molecular oxygen) example, tbe flavin adenine dinucleotide (FAD) c_ofactor 9f
at the cathode. The mild operation conditions and inherent glucose qmdase (GOX), the most commonly studl.ed anodic
biocompatibility of the enzyme-based system, along with the enzyme, 15 located roughly 15 A below. the p g(())teln surface,
high specificity of enzymes, leading to membrane-less systems resulting in a large'electrlon transfer resistance. There hé.IVQ
and thus an ease of miniaturization, make EBFCs ideal been two broadly 1n\.rest1gate$1 methods aimed at improving
candidates for the continuous powering of implantable electron transfer efﬁc1_ency. Flrst, small molecules have }Je_en
devices.">™"7 However, EBFCs currently suffer several key used as medlat/ors' (1.e.,. osmium or fe'rroce'ne containing
limitations including limited power output, instability over time complexes, 2,2'-azino-bis(3-ethylbenzthiazoline)-6-sulfonic
and lack of reusability, which must be overcome to make their

utilization a reality. Received: November 7, 2014
The low power output and short lifetime of EBFCs stems Accepted: February 2, 2015
from multiple factors, with the main contributors being poor Published: February 2, 2015
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Figure 1. Graphene/SWCNT cogel. (a) Graphene/SWCNT cogel was formed by mixing individually dispersed SWCNTs with graphene oxide in a
5:1 ratio by weight. (b) Scanning electron microscopy (SEM) micrograph of graphene/SWCNT aerogel with scale bar representing S ym.

acid, etc.)”?'™*° that serve to mediate electron transfer from

active site to electrode. Second, electrode materials that have
large surface area and are capable of close communication with
the enzyme active site, such as carbon nanotubes, graphene or
metal nanoparticles, have been utilized to increase enzyme
loading and enhance electron transfer from enzyme to
electrode.™?°

Mediated electron transfer (MET) type systems have been
proven to possess enhanced electron transport capabilities and
thus higher power outputs compared to identical setups
without mediators, but also have several drawbacks.>**”*® For
MET to be feasible, the redox potentials of the mediators must
lay within the bounds of the anodic and cathodic enzyme
prosthetic site redox potentials, thus reducing the maximum
theoretical open-circuit voltage (OCV) of the overall system.
Additionally, the leakage and instability of mediator groups
adds toxicity and further power instability concerns for the
EBFC, respectively. For instance, a naphthoquinone mediator
has been shown to increase EBFC power output by 23%
compared to an identical EBFC without a mediator. However,
power stability and OCV of the mediated system markedly
decreased to 40% power retained after 7 days and 0.76 V,
respectively, compared to 96% power retained after 30 days and
0.95 V in the nonmediated system.””” The presence of free
mediator, by design or by leaching from the electrode due to
their low molecular weight, can also increase potentially
harmful effects in vivo and necessitate the use of a membrane
to separate anodic and cathodic compartments, which adds to
system complexity.” Thus, there exists a large drive to develop
improved EBFCs with increased power densities utilizing
materials capable of promoting electron transfer without the
need for these types of externally added redox mediators.*'® In
this report, we define systems operating without the addition of
external redox mediators as “mediator-free”.

Nanostructured materials such as nanotubes”®* and nano-
particles®* > are well suited to enhance current densities.*>>°
Carbon nanotubes (CNTs) are particularly good materials for
this purpose because of their high electrical conductivity,
nanometer scale dimensions, electrochemical stability and high
aspect ratios.”*> Nevertheless, many configurations utilizing
CNTs still require the use of mediators to achieve optimal
performance and there is much debate over whether CNT-
based systems are truly capable of achieving DET with FAD
containing enzymes such as GOX.”'??**3 However, CNT-
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based or CNT decorated systems still boast some of the highest
reported power densities to date”***”*” even without the use
of mediators.® Power densities of mediator-free, CNT-based
EBFCs have reached up to 1.25 mW cm™?, which corresponded
to 1.66 mW mL™"' and 33 mW g™ of GOX, for a system
composed of compressed disks of multiwall CNTs and
enzymes.6 The electron transfer rate constant (k,), which is a
key measure of electron transfer efficiency, in systems using
GOX immobilized on CNTs has been shown to reach up to 13
s7'7 Graphene has also attracted significant interest as an
electrode material for enzyme-based systems due to its excellent
thermal and electrical conductivity, good biocompatibility and
high specific surface area.”*®*” CNTs, graphene and other
nanomaterials can further be manipulated to form three-
dimensional, porous structures that allow for high enzyme
loading and connectivity with an ease of substrate diffusion into
the network.”® Incorporation of large amounts of enzyme
within such a network serves to surround the enzyme with
conductive material to reduce the loss of electrons to outside
electron acceptors (i.e, molecular oxygen) and potentially
reduce the leaching of enzyme during operation. Previous
reports have investigated such three-dimensional systems;
however, most have exhibited reduced available surface area
and enzyme activity after fabrication® or required the use of
external mediators.”*?” Unfortunately, due to the fabrication
process and porosity, these electrodes cannot simply be reused
by replacing degraded enzymes with fresh, active enzymes.
Herein, we report on the development of the first glucose-
based, mediator-free EBFC utilizing free standing cogels of
graphene and single-wall carbon nanotubes (SWCNT) as
electrodes (Supplementary Figure S1). The graphene/SWCNT
cogels were fabricated by mixing suspensions of graphene oxide
and individually dispersed SWCNTs at suitable concentrations
that led to percolating networks of interspersed graphene and
SWCNTs (Figure 1). These gels possessed high specific surface
area (SSA), porosity, and electrical conductivity that allowed
high enzyme loading, unhindered glucose transport to the
enzymes and efficient charge collection from enzymes. GOX
from Aspergillus niger was used as the anodic enzyme of interest
and the multicopper oxidase bilirubin oxidase (BOD) from
Myrothecium sp. was the cathodic enzyme. We further
determined the electrochemical characteristics of both anode
and cathode individually as well as the simple, membrane- and
mediator-free full cell. Finally, we examined reusability of the
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electrodes by washing away degraded enzymes and then
reloading the electrodes with fresh, active enzymes.

B MATERIALS AND METHODS

Materials. Ultrapure Milli-Q grade water (resistivity of 18.2 MQ
cm) was used for all experiments. Single-wall carbon nanotubes
(SWCNTs) batch CG 200 with average diameter of 1 nm and average
length of 1 ym were purchased from Southwest Nanotechnologies Inc.
Graphite flakes were procured from Bay Carbon Inc. GOX from
Aspergillus niger (100—250 units mg™'), hydrogen peroxide and
horseradish peroxidase were purchased from Sigma-Aldrich. BOD
from Myrothecium spagyrica (2.7 units mg™') was purchased from
Amano Enzyme Inc. All chemicals were of analytical grade and used as
received. Sodium phosphate (NaPhos) buffer (0.1 M, pH 7.0), used
for preparation of enzyme solutions and testing of electrodes, was
prepared from phosphate salts.

Equipment. Sonication and centrifugation of nanotube solutions
were carried out using a Thermo Fisher 500 probe tip sonicator and a
Beckman Coulter L-100K ultracentrifuge, respectively. Adsorption
spectra of SWCNT solutions were measured using a Varian Cary 5000
UV-—visible NIR spectrophotometer. Critical point drying of ethanol
saturated gels was performed on an Autosamdri 815 critical point
dryer (Tousimis Research Corporation). Aerogel surface area was
measured through nitrogen adsorption and desorption at 77 K using a
Gemini VII 2390 surface area analyzer (Micromeritics) using the
Brunauer—Emmett—Teller (BET) theory.*” Pore volume and pore
size distribution were calculated from the measured desorption
isotherms using the Barret—Joyner—Halenda (BJH) calculation
scheme. The characteristic morphologies of the aerogels were imaged
using scanning electron microscopy (SEM, FEI Quanta 600) at 10 kV.
Electrical conductivities of the gels were measured by two-probe
contact direct current measurements using a Fluke 287 True RMS
multimeter.

All electrochemical measurements were performed using a conven-
tional three-electrode electrochemical cell utilizing a KCI saturated
Ag/AgCl electrode and a 0.5 mm platinum wire electrode as reference
and counter electrodes, respectively, and the gel electrode under study
was used as the working electrode. Biofuel cell performance was
monitored using a Fluke 287 True RMS multimeter with an IET Labs
RS-200 resistance decade box that was used to manually vary EBFC
resistance. GOX kinetic analysis was performed using the standard
GOX  2,2'-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS)
activity assay at varying glucose concentrations, monitoring change
in absorbance at 415 nm.

Fabrication of Graphene/SWCNT Cogels. SWCNT dispersions
were prepared as previously described *'~* Briefly, we first sonicated
SWCNTs in sodium dodecylbenzenesulfonate (SDBS) solution (1.0
wt %) at a SWCNT:SDBS ratio of 1:10 at 60 W for 2 h and removed
aggregates through centrifugation for 15 min at 35000 rpm. We then
determined the concentration of dispersed SWCNTs through UV—vis
spectroscopy using an extinction coeflicient of 2.6 absorbance mL
mg~! mm~™*" at 901 nm and the Beer—Lambert law. We synthesized
graphene oxide via a modified Hummers’ method.***® The graphene
oxide was then thoroughly washed by multiple water rinse and
centrifugation steps. Subsequently, we added graphene oxide to
dispersed SWCNT suspension at a graphene oxide:SWCNT ratio of
1:5, briefly sonicated to mix and concentrated to ~0.3 wt % carbon-
based materials via slow water evaporation at 60 °C. To form the
desired shape, we degassed and pipetted the solution into the 2 mm
thick rectangular molds. The mixed suspension of graphene oxide and
SWCNTs gelled within a few minutes to a couple of hours. We
allowed these graphene oxide/SWCNT cogels to age for roughly 12 h
to improve their mechanical integrity. We removed the SDBS
surfactant from the cogels by repeated washing with ultrapure water
and one washing with nitric acid (1 M) for 20 min followed by
thorough washing with ultrapure water to neutralize acid within the
cogels. The graphene oxide was then converted to graphene by
hydrothermal reduction of graphene oxide/SWCNT cogels at 185 °C
for 18 h. Finally, water was exchanged with ethanol at increasing
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ethanol concentrations up to 100% and the cogels were transformed
into aerogels via critical point drying. We further reduced graphene
using pyrolysis at 900 °C for 6 h to yield the final graphene/SWCNT
aerogels. The fabrication process of graphene/SWCNT cogels and
aerogels is summarized in Figure 1. We refer to an interspersed
network of graphene and SWCNT in any liquid as a cogel and in air as
an aerogel. All graphene/SWCNT cogel-based electrodes used in this
study had a cross-sectional area of ~0.3 cm® and were ~0.2 cm thick.

Preparation and Test of Biofuel Cells. To load enzymes into the
electrodes, we incubated individual graphene/SWCNT aerogels in 2
mL of enzyme (GOX or BOD) solution (1 mg mL™" in NaPhos buffer
(0.1 M, pH 7.0)) for 4 h at 4 °C. To induce complete loading of these
electrodes with enzyme solution, without collapsing the cogels, we
applied a weak pulsed vacuum for several minutes using a benchtop
vacuum pump prior to incubation. We then individually washed each
enzyme-loaded cogel in § mL of NaPhos buffer (0.1 M, pH 7.0) for 10
min to remove any weakly bound enzymes. Finally, we carried out
EBFC measurements in air saturated 200 mL NaPhos buffer (0.1 M,
pH 7.0) solution with 100 mM glucose under stirring with enzyme-
loaded cogel electrodes securely attached to wire leads via copper clips
that were minimally exposed to buffer solution. Reloading of fuel cell
electrodes was carried out after 20 min incubation in nitric acid (1 M)
and thorough washing with ultrapure water.

B RESULTS AND DISCUSSION

Material Characterization. We have previously shown
that suspensions of SWCNT's can undergo sol—gel transition to
form robust, three-dimensional networks owing to van der
Waals forces acting between individually dispersed nano-
tubes.*' "*7* Aerogels of CG 200 SWCNTSs prepared via
this process typically have electrical conductivities of x ~ 1 S
cm™' and high SSA of ~1290 m* g, making them highly
attractive as EBFC electrodes.*’ We note that the aerogel
fabrication process, including acid treatment, has been
previously shown not to damage the electrical transport
properties of the nanotubes.* However, the majority of
pores within the reported SWCNT gels had diameters of
~2—8 nm, which was too small for efficient internalization of
globular proteins such as GOX (8 X 7 x 8 nm).*"*’ A network
of micrometer-sized graphene sheets and SWCNTs would
likely possess larger pores throughout the matrix and enhance
globular protein internalization.

Consequently, we fabricated free-standing, three-dimensional
graphene/SWCNT cogels (Figure 1) having a density of 7.1
mg mL™! and examined their pore/surface area characteristics
and morphologies via BET and SEM, respectively (Figure S2
(Supporting Information) and Figure 1b). As expected, more
than 70% of total pore volume in these the graphene/SWCNT
cogels was made up of pores having a radius greater than 10
nm, as calculated from BET surface area measurements
according to the BJH calculation scheme (Figure S2,
Supporting Information), meaning a large majority of the
electrode was potentially accessible to the diffusion of
electroactive enzymes. The micron scale graphene sheets,
which form scroll-like structures®® within the SWCNT matrix,
were easily discernible in SEM images (Figure 1b) from the
nanosized SWCNTs. The final graphene/SWCNT aerogels
possessed moderate electrical conductivity (k= 0.2 S cm™) and
ultrahigh surface area (SSA = 846 m® g™'), and were further
functionalized via physical adsorption of GOX or BOD to form
EBFC anodes or cathodes, respectively.

Characterization of the GOX-based Anode. The GOX-
catalyzed degradation of glucose proceeds as follows

GOXgyp + glucose > GOXpypy, + gluconolactone

(1)
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GOXpapyy, = GOXpap + 2H' + 2e” @)

Upon GOX functionalization, we electrochemically character-
ized the cogel anodes in order to evaluate their performance.
OCV evolutions of the cogel with and without immobilized
GOX were examined to determine electron transfer between
enzyme and electrode (Figure 2). The OCV of the modified

0.6
o Cogel cathode with BOD
]
< 0.4
=)
<
3 0.2
g Cogel cathode without BOD
; 0.0 Cogel anode without GOX
w Cogel anode with GOX

0 1,000 2,000 3,000 4,000
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Figure 2. Open circuit voltages of graphene/SWCNT cogel-based
anode and cathode. Open circuit voltage evolution of cathode with and
without BOD, and anode with and without GOX in NaPhos buffer
(0.1 M, pH 7.0) containing substrate. Anodic measurements carried
out with 10 mM glucose and cathodic measurements with O,
saturated solution.

anode in the presence of 10 mM glucose was —0.05 + 0.01 V
versus Ag/AgCl. The thermodynamically determined redox
potential of the FAD/FADH, couple of GOX has been shown
to be approximately —0.36 V versus Ag/AgCl’>' The
overpotential between the thermodynamically determined and
experimentally observed potentials may have been caused by
decreases in native enzyme activity due to partial denaturation
upon physical adsorption or the blockas%e of electrically
connected FAD sites to glucose binding. 53 Nevertheless,

the observed decrease in OCV upon anode functionalization
indicated successful adsorption of enzyme and electron transfer
between active site and electrode.

Cyclic voltammetry (CV) measurements of the GOX
functionalized graphene/SWCNT cogel electrodes showed
obvious oxidation and reduction peaks at —0.34 and —0.51 V,
respectively, indicating quasi-reversible electron transfer
between FAD groups and the anode surface (Figure 3a).
Additionally, the current response increased slightly upon the
addition of glucose into the system, indicative of some level of
GOX activity. This further confirmed the successful incorpo-
ration of GOX into the gel network as the discussed faradaic
current response was absent in CV scans of bare graphene/
SWCNT gels (Figure 3a) and no current shifts were observed
upon the addition of glucose to nonfunctionalized systems
(Figure S3, Supporting Information).

However, these results alone do not sufficiently prove that
we observed DET of enzymatically active GOX. Stevenson et
al. recently reported significant evidence that DET with
enzymatically active GOX at CNTs is not possible and that
electrochemical responses observed in DET claiming studies
were a result of free FAD immobilized onto CNT surfaces.'?
This conclusion was also reached by Ye et al. concerning
graphene surfaces.®® Stevenson et al. also suggested that the
appearance of anodic current upon glucose addition is likely the
most appropriate signature of DET with an FAD-containing
enzyme such as GOX."” To study the potential DET of GOX
immobilized onto graphene/SWCNT cogels in depth, we
performed amperometry along with additional CV traces
(Figure S4, Supporting Information). We observed a slow
anodic shift in current upon the addition of glucose to GOX-
functionalized graphene/SWCNT cogels in Ar saturated
solution (Figure S4a, Supporting Information) and in O,
saturated solution (Figure S4b, Supporting Information) with
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Figure 3. Electrochemical performance of graphene/SWCNT cogel-based anode. (a) CV traces of bare copper clip, graphene/SWCNT cogel anode,
GOX functionalized graphene/SWCNT anode and GOX functionalized graphene/SWCNT anode in 10 mM glucose at 50 mV s7L (b) CV traces of
GOX functionalized graphene/SWCNT anode at varying scan rates between 10 mV s™' to 30 mV s™'). (c) Dependence of anodic (circle) and
cathodic (square) peak potentials on the logarithm of scan rate for GOX functionalized graphene/SWCNT anode at varying scan rates. (d)
Dependence of anodic (circle) and cathodic (square) peak currents on scan rate for GOX functionalized graphene/SWCNT anode at varying scan
rates. Experiments carried out in Ar saturated NaPhos buffer (0.1 M, pH 7.0).
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voltage held at the observed formal potential (—0.42 V). The
appearance of this shift in Ar saturated solution suggested DET
of GOX. We further examined the response of GOX
functionalized electrodes to glucose addition by measuring
CV characteristics at a scan rate of 5 mV s™", In both Ar and O,
saturated solutions, anodic current increased, which was
indicative of current generated through the oxidation of glucose
by electrically connected GOX (Figure S4c,d, Supporting
Information). Also, we noted a significant decrease in the
cathodic peak current in O, saturated solution, which we
attributed to a decrease in O, concentration due to the
enzymatic reduction of O, to hydrogen peroxide (Figure S4d,
Supporting Information). To ensure this cathodic peak and
amperometric shift were not caused by O, reduction at the
electrode surface uncoupled from GOX kinetics, we performed
CV traces of nonfunctionalized graphene/SWCNT cogels in
both Ar and O, saturated solutions and saw no change (Figure
S4e, Supporting Information). From these results, we postulate
that DET between GOX and graphene/SWCNT cogels was
observed and, independent of these findings, we define the
system to be mediator-free, as no external redox mediators were
added at any point.

We further investigated the electron transfer between
immobilized GOX/FAD and graphene/SWCNT cogel electro-
des by measuring the CV characteristics of the anode at varying
scan rates (Figure 3b). The dependence of anodic and cathodic
peak potentials on the logarithm of scan rates from 10 to 100
mV s~' was examined (Figure 3c) and used to determine
anodic electrochemical parameters according to eqs 3 and

45455
Epc =E'° - I:E:lln[ akn V]
anF RTk, (3)
Epa =E'° + [ RT :|1n|:(l — (l)Fn 1/:|
(1 — a)nF RTk, (4)

In eqs 3 and 4, E'° is the formal potential of the system equal to
the average of anodic and cathodic peak potentials, o designates
the charge transfer coeflicient of the system, v is the scan rate
used, n is the number of electrons transferred in the reaction, k
is the heterogeneous electron transfer rate constant and T, R
and F are temperature, the ideal gas constant and Faraday’s
constant, respectively. Based on these equations, n and a were
calculated from the slopes of the lines from the linear region at
high scan rates (Figure 3c). Specifically, the trend lines passing
through these points gave straight lines whose slopes were
equivalent to —2.3RT/[anF] for the cathodic peaks and 2.3RT/
[(1 — a)nF] for the anodic peaks (eqs 3 and 4).>* Thus, @ and
n were found to be 0.5 and 0.54, respectively. The calculated a
value was similar to other studies reported.***® however, the
value of n was markedly lower than the theoretical value for the
conversion of FAD to FADH, in GOX, suggesting potentially
hindered electron transport. Additionally, the k, of the system
was calculated using eq 5.>*

log k, = alog(l — a) + (1 — a)loga — log(ﬂ)
nFv

nFAE
—a(l - a)[ P)

2.3RT (s)
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From eq S, the k; of the graphene/SWCNT-based system was
estimated to be 0.23 + 0.01 s™', which was slightly lower than
similar reports®*™>® due to the larger separation of peak
potentials.

As can be seen in Figure 3d, the anodic and cathodic peak
currents of the GOX functionalized graphene/SWCNT cogel
increased linearly with scan rate. This result implied that the
system was limited by the electron transfer occurring at the
enzyme—electrode interface rather than by diffusion of glucose
through the porous network. Further, we used the slopes of
these lines to estimate the loading of electroactive species on
the surface of the electrode according to eq 6.%

. n*FTA
lp = v
4RT

(6)

In eq 6, I' signifies the surface coverage of electroactive
species (i.e, FAD sites),>” A is the surface area available for
adsorption of the electroactive species and i, is the peak
current. The estimated specific surface area coverage of FAD/
FADH, was 1.44 X 107> mol cm™2 or 1.73 X 107® mol cm™2 of
cross-sectional area, indicating the efficient internalization of
GOX into the cogel matrix, resulting in high loadings.
Assuming an average diameter of 8 nm for each GOX
molecule, the calculated loading corresponded to more than
20% of available cogel surface area being occupied by
electroactive GOX presuming two molecules of FAD indicated
one GOX molecule. This loading was almost 2 orders of
magnitude higher than similar three-dimensional structures
comprised of Pd aerogels® or graphene foams decorated with
SWCNTSs.” Using the apparent concentration of immobilized
GOX, we determined the retained enzyme kinetics upon
immobilization. Specifically, the catalytic rate constant (k) of
immobilized GOX was 46 + 3 s™' compared to 316 + 16 s~
for native enzyme (Figure SS, Supporting Information). This
decrease is common for immobilized enzymes due to partial
denaturation at the enzyme-nanosupport interface upon
attachment.>® Despite the reduction of catalytic efficiency, k.,
was greater than the observed k, suggesting an electron
transport-limited system.

Characterization of the BOD-based Cathode. BOD is a
multicopper oxidase that serves to accept electrons from the
electrode at the T1 copper site and transfer those electrons
approximately 13 A to the T2/T3 copper site where oxygen is
reduced to water in a four-electron transfer mechanism
according to eq 7.9

0, + 4H" + 4e” — 2H,0 (7)

As can be seen in Figure 2, the OCV of the BOD-
functionalized cathode was 0.53 + 0.01 V versus Ag/AgCl,
which was in agreement with reported OCVs in similar
studies.”” This value was slightly more positive than the
thermodynamically determined value of the T1 copper site of
BOD, which has been reported to be approximately 0.47 V
versus Ag/AgCL®® The observed increase in OCV compared to
bare graphene/SWCNT cogels at similar conditions confirmed
the presence of immobilized BOD and, more importantly,
showed the efficient electron transfer between enzyme active
site and electrode. Lower overpotentials were likely achieved
for BOD compared to GOX due to the closer proximity of the
T1 electron acceptor site to the surface of BOD relative to the
FAD active site of GOX.'

DOI: 10.1021/am507801x
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To further confirm the presence of electrically connected
enzyme on the cathode, we examined BOD-functionalized and
nonfunctionalized electrodes using CV. CV sweeps did not
yield any redox transformation evident by the lack of faradaic
current response (Figure 4), which was consistent with

2-

14 =—Cuclip
—_ __Cogel
g 01 7 without BOD
= -1 — Cogel with

BOD

-2+ — Cogel with

3 BOD + O,

-0.5 0.0 0.5 1.0

E (V versus Ag/AgCl)

Figure 4. Electrochemical performance of graphene/SWCNT cogel-
based cathode. CV traces of bare copper clip, graphene-SWCNT cogel
cathode, BOD functionalized graphene/SWCNT cathode in Ar
saturated solution and BOD functionalized graphene/SWCNT
cathode in O, saturated solution at S0 mV s™'. Experiments carried
out in NaPhos buffer (0.1 M, pH 7.0).

previous reports on the electrochemical activity of BOD®*
and other multicopper oxidases.”> However, upon addition of
O, to the BOD functionalized system a significant decrease in
cathodic current was observed with an onset potential of
oxygen reduction of ~0.4 V versus Ag/AgCl. This result
showed the capability of immobilized BOD to achieve DET and
efficiently reduce oxygen to water.***®” We stress that no
response to the addition of O, occurred in our system without
the presence of BOD (Figure S6, Supporting Information),
showing that the immobilized enzyme was solely responsible
for O, reduction.

EBFC Performance. We set up EBFCs using a single GOX-
loaded graphene/SWCNT cogel anode and a single BOD-
loaded graphene/SWCNT cogel cathode (Figure S1, Support-
ing Information), and tested power output through the manual
variation of circuit resistance while measuring voltage output.
The performance of an EBFC can be expressed through the use
of two main characteristics: OCV and power density. For our
mediator-free graphene/SWCNT-based system, the OCV was
0.61 + 0.05 V and the cross-sectional power density was 0.19 +
0.03 mW cm™? operating at 0.44 V (Figure S).

This power output corresponded to 0.08% of native GOX
activity relative to GOX turning over glucose at the
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Figure S. Performance of graphene/SWCNT cogel-based EBFC.
Graphene/SWCNT cogel-based EBFC performance and cell polar-
ization curves. Experiments carried out in air saturated NaPhos buffer
(0.1 M, pH 7.0) with 100 mM glucose. Error bars represent standard
deviation of three trials.

experimentally determined k., of native enzyme and GOX
loading. In other words, we found the experimental power
density to have an efficiency of 0.08% of the maximum,
corresponding to the calculated amount of GOX per unit area
generating current from glucose at the reported k., of native
GOX. The observed percentage activity was in agreement with
similar EBFC systems.® The experimental full-cell OCV was in
good agreement with the difference between OCVs of the
individual anode and cathode (i.e, —0.05 and 0.53 V versus
Ag/AgCl, respectively) as expected. The polarization curve
showed the maximum power output corresponded to a current
density which was lower than the onset of concentration losses
caused by limited diffusion of reactants and products (i.e.
increased negative slope at high current density)' (Figure S).
Further, the operation of the EBFC was tested at pH 5.5 for
optimal GOX activity (Figure S7, Supporting Information), but
yielded essentially no change from the EBFC performance at
pH 7. This result confirmed that the overall system was limited
by electron transfer at the anode and not intrinsic enzyme
activity. We further tested if the oxidation of glucose by GOX
generated the current in the system through a series of control
experiments without GOX. First, we immersed the copper leads
alone in the EBFC solution with no graphene/SWCNT cogels
or enzyme and tested for current generation. Then, we
examined the performance of EBFCs with bare graphene/
SWCNT cogels without any adsorbed enzyme as an anode and
a cathode, followed by tests using a bare cogel as the anode and
a cogel loaded with BOD as the cathode. The resulting
performance and polarization curves exhibited negligible
current generation (Figure S8, Supporting Information),
which confirmed a GOX-driven system. Additionally, an
interesting question that has never been addressed for EBFCs
was whether the electrodes can be reloaded when the enzymes
degrade. The robustness and simple loading procedure of our
system allowed us to clean and then “refill” the electrodes with
active enzymes. Rejuvenation of power output by cyclic
removal of degraded enzyme with acid and replenishing the
system with fresh, active enzyme generated a power density of
0.15 + 0.02 mW cm > (Figure 6).

Conventionally, the power densities of fuel cells have been
reported in cm™? as the flow of current is a flux through the
electrode surface. Most reported EBFC systems are essentially
two-dimensional, such as functionalized coatings on pre-
existing material surfaces (i.e., glassy carbon electrodes
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Figure 6. Continuous performance and recharging of graphene/
SWCNT cogel-based EBFC. Performance of graphene/SWCNT
cogel-based EBFC over time. Acid washing of degraded enzyme and
reloading with active enzyme after 18 h followed by (blue) repeated
performance. Experiments carried out in air saturated NaPhos buffer
(0.1 M, pH 7.0) with 100 mM glucose.
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Table 1. Performance of Published Glucose-Driven EBFC Systems Utilizing Graphene or Carbon Nanotube-based Electrode

Materials®

anode
GOX-graphene/SWCNT cogel

GOX/catalase-compressed MWCNT
disk

PQQ-GDH-PANi/MWCNT modified
Au electrode

GOX-SWCNT/PPY 3D composite

GOX/catalase-compressed MWCNT
disk

cross-linked GOX clusterss MWCNT/
Nafion

GOX/Fc-Pd aerogel

Nafion/GOX/Fc-3D graphene
network/GCE

cathode
BOD-graphene/SWCNT cogel

laccase-compressed MWCNT disk
BOD-MWCNT modified gold electrode

tyrosinase-CNP/PPY composite
laccase-compressed MWCNT disk

Pt/C/Nafion
BOD-Pd/Pt aerogel

Nafion/laccase-3D graphene network/
PTCA/DA/GCE

(MWCNT/thionine/AuNPs) GDH MWCNT/PLL/laccase
vaCNT/PABMSA/PQQ-GDH vaCNT/PQQ/BOD
PPY/SWCNT/GOX PPY/laccase/ABTS

GOX/PEDOT/MWCNT/PVI-Os/
PEGDGE

GOX-graphene/SWCNT foam

GOX/catalase/NQ-compressed
MWCNT disk

PEGDGE

laccase-compressed MWCNT disk

BOD/PEDOT/MWCNT/PAA—PVI-Os/

laccase/ABTS-graphene/SWCNT foam

mediator-free/MET OoCVv

(membrane Y/N) V) power density reference

mediator-free (N) 0.61  0.19 mW cm™> this
0.65 mW mL™! work

mediator-free (N) 0.57  0.19 mW cm” ref 17
0.16 mW mL™"

mediator-free (N) 0.68  0.07 mW cm™ ref 72

mediator-free (N) 019 016 mW mL™ ref 73

mediator-free (Y) 095 125 mW cm™ ref 6
1.66 mW mL™!

mediator-free (Y) 043  0.18 mW cm™ ref 70

MET (N) 040  0.02 mW cm™ ref 8

MET (N) 040  0.11 mW cm™ ref 39

MET (N) 0.70  0.33 mW cm™> ref 75

MET (N) 0.80  0.12 mW cm™? ref 76

MET (N) 0.77  1.39 mW cm™ ref 24
232 mW mL™

MET (N) 070  2.18 mW cm™ ref 74
793 mW mL™*

MET (Y) 12 227 mW cm™ ref 7

MET (Y) 0.76  1.54 mW cm™2 ref 27
1.92 mW mL™

“MET, mediated electron transfer; OCV, open circuit voltage; MWCNT, multiwall carbon nanotube; PQQ-GDH, pyrroloquinoline quinone
dependent glucose dehydrogenase; PANI, polyaniline; PPY, polypyrrole; CNP, carbon nanopowder; Fc, ferrocenecarboxylic acid; PTCA, 3,4,9,10-
perylene tetracarboxylic acid; DA, dopamine; AuNPs, gold nanoparticles; PLL, poly-L-lysine; vaCNT, vertically alighned carbon nanotube; PABMSA,
poly(3-aminobenzoic acid-co-2-methoxyaniline-S-sulfonic acid; PEDOT, poly(3,4-dioxythiophene); PVI—Os, poly(N-vinylimidazole)-[Os(4,4'-
dimethoxy-2,2"-bipyridine),C1]*/**; PEGDGE, poly(ethylene glycol) diglycidyl ether; PAA—PVI-Os, poly(acrylamide)-poly(N-vinylimidazole)-
[Os(4,4’-dichloro-2,2’-bipyridine)z]+/ ¥, ABTS, 2.2 azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt; NQ, naphthoquinone.

(GCE), buckeypaper, etc.).25’68_70 Recently, however, EBFC

systems utilizing three-dimensional electrodes have gained
increased attention and resulted in enhanced power densities
due to the possibility of increased active enzyme loadings and
connectivity.””>**”7! Thus, the need to report power densities
volumetrically has arisen to allow for meaningful comparisons
between studies. The volumetric power density of this system
utilizing ~2 mm thick graphene/SWCNT cogel electrodes was
0.65 + 022 mW mL™". Further, it was important to
characterize the system in terms of gravimetric power density
to show the power output per mass of catalyst. The loading
density of GOX onto the graphene/SWCNT cogel anodes was
estimated through CV analysis at varying scan rates®” knowing
each GOX molecule contains two FAD sites.”” The gravimetric
power density of this system was 140 + 20 mW g~ GOX,
which is more than 4-fold greater than the elegant systems
based on compressed disks of multiwall carbon nanotubes and
enzymes.® This increase compared to the similar mediator-free
system was attributed to the fabrication procedure and high
porosity of our system, which allowed the majority of
incorporated enzyme to have access to both the electrode
surface for electron transfer and to freely diffusing substrate.
The membrane-and mediator-free EBFC we describe herein
can be added to a small but growing literature on similar
systems,®’>7 including a setup resulting in a nearly identical
cross-sectional power density that was successfully implanted
into rats.'” Multiple other studies have been able to produce
higher performing fuel cells but have also required mediated
electron transfer and even setups with multiple compartments
separated by a semipermeable membrane, adding complexity
and additional toxicity concerns.”*”*” Further, other mediator-
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free systems have commonly required more complicated
electrode functionalization steps prior to enzyme immobiliza-
tion’>”* or large amounts of bulk enzyme due to low enzyme
activity retention.® Due to the porosity, high surface area and
significant electrical conductivity of the electrode materials used
herein, we have been able to achieve relatively high enzyme
loadings and rapid charge collection without significant loss,
which resulted in a significant power density despite hindered
electron transport. High enzyme loadings are relative to
reported studies that used similar three-dimensional nanoma-
terial networks and enzyme immobilization strategies.”® A
comparison of various relevant studies focused on glucose-
driven EBFCs utilizing graphene or carbon nanotube-based
electrode materials is presented in Table 1. The EBFC reported
herein had a power output within 1 order of magnitude of the
highest performing systems to date.”?””* Our data showed that
the anodic electron transfer rate constant was lower than other
investigators have found,” leading to a clear path for further
improvement in our EBFC.

B CONCLUSIONS

We have developed and characterized a membrane- and
mediator-free EBFC utilizing novel graphene/SWCNT cogel
electrodes. The glucose/O,-fueled system proved capable of
producing a power density of 0.19 + 0.03 mW cm™?, 0.65 +
0.22 mW mL™" or 140 + 20 mW g~' GOX with an OCV of
0.61 + 0.05 V without the addition of external redox mediators.
Compared to previous studies, the EBFC we describe was a
robust, high power output system despite significantly hindered
anodic electron transfer. We attributed the performance to the
high available surface area and porosity of the electrode material
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allowing for large loading of active enzymes relative to similar
studies and ease of glucose diffusion through the cogel-based
electrode. The nanoscale structure and high electrical
conductivity of the cogels facilitated electron transfer to the
electrode surface and charge collection through the electrode
without any toxic redox mediators. The robustness of the cogels
and our custom-designed loading procedure also allowed for
the reloading and reuse of the EBFC. This study demonstrated
the potential of such a system and highlighted areas of possible
improvement for enhanced EBFC performance. Future work
will focus on increasing electron transfer efficiency and long-
term stability.
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