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Showcasing a study on Au nanoparticle-coated highly
conductive carbon fiber biofuel cell electrodes and their
application for powering implanted devices by a group of
researchers led by Prof. Jinhan Cho from Korea University and
Prof. Seung Woo Lee from Georgia Institute of Technology.

Highly conductive electrocatalytic gold nanoparticle-assembled
carbon fiber electrode for high-performance glucose-based
biofuel cells

Highly conductive carbon fiber electrodes for high-power
glucose-biofuel cells were developed using a layer-by-layer
assembly method. Considering that Au nanoparticle-coated
carbon fiber electrodes can boost the electrochemical
performance of pristine carbon fibers, it can be effectively
applied in various electrochemical applications, including
sensors or energy storage devices as well as biofuel cells.
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Highly conductive electrocatalytic gold
nanoparticle-assembled carbon fiber electrode for
high-performance glucose-based biofuel cellst
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Biofuel cells, which can convert chemical energy into electricity have been considered as one of the most
promising candidates for powering implantable and microscale biomedical devices. However, most biofuel
cells generate a low power output, limiting their practical applications. Here, we introduce a high-
performance biofuel cell based on gold nanoparticle-modified carbon nanotube hybrid fibers. These
hybrid electrodes could be converted into anodes through additional enzyme deposition and used
directly as cathodes, allowing notable oxygen reduction reaction activity as well as high electrical
conductivity (~6100 S cm™). The formed hybrid biofuel cell, composed of an enzymatic anode and
a gold nanoparticle-coated carbon fiber cathode, provides an outstanding stationary power output of 1.2
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1. Introduction

A sustainable power source is a key requirement to support the
recent noteworthy advancements in a wide range of electronic
devices, including wireless wearable smart sensors and
biomedical devices.*™* In particular, biofuel cells (BFCs), which
are unique for their biocompatibility and operation at mild
temperatures and near-neutral pH, are one of the most prom-
ising energy sources for powering implantable biomedical
devices.>® Despite these notable advantages, compared to other
power sources, most BFCs exhibit a low power output (tens to
hundreds of uW cm™?),”® which is mainly due to the poor
electron transfer between the enzyme and the conductive
support. To resolve this critical drawback of BFCs, many efforts
have been devoted to improving electron transfer in two
different ways: mediated electron transfer (MET) and direct
electron transfer (DET) mechanisms. First, MET is based on the
use of redox-mediating polymer compounds containing metal
ions, such as osmium, ruthenium, and iron.>*** On the other
hand, DET allows electrons to be directly transferred from the
active site of the enzyme to the conductive supports such as
glassy carbon electrode or graphite electrode, resulting in
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under a fixed external resistance (cyclic voltammetry measurement ~2.1 mW cm

~?) at

300 mmol L™ glucose. Furthermore, these one-dimensional hybrid electrodes with extremely high
electrical conductivity can be widely applied in various wire-type electrochemical devices.

a relatively low electron transfer efficiency.'>'* Although MET
can provide a much higher current density than DET in BFCs,
the toxicity and instability of metal ion-based redox mediators
have limited the practical applications of such materials.*>*®
Accordingly, DET-based BFCs (i.e., DET-BFCs) have attracted
considerable attention as an alternative that can circumvent the
toxicity-related problems of MET-based BFCs."'” However, it
should be noted that the electron transfer rate and power
output (approximately 10-100 uW cm™?) of DET-BFCs are still
substantially inferior to those of MET-BFCs (approximately 100
UW cm 2 to 1 mW cm™ 2).%1214

As another strategy for overcoming the low power efficiency
of DET-BFCs, enzymes such as glucose oxidase (GOx) have been
directly deposited onto carbon nanotube fibers (CFs), which are
used as conductive supports for BFCs.*'*'® Despite some
improvements in power output through previous CF-based
DET-BFCs,'*"” further improving the performance of DET-
BFCs is obviously limited by the low charge-transfer efficiency
between the enzyme and the conductive support. Although
several other approaches, such as ozone exposure, plasma (i.e.,
Ar-N,) treatment, or the decoration of palladium NPs on disk-
type carbon nanotube supports, have been proposed to
enhance the intrinsic charge transfer kinetics of DET-BFCs, the
obtained power output is increased by only approximately two-
to three-fold."*?° Additionally, most approaches for enzyme
immobilization are based on the simple physical adsorption of
enzymes onto CFs;»**>'%'” this mechanism makes it difficult to
exactly control the enzyme thickness, the enzyme conformation,
and the interfacial stability between the enzyme and the CF.
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This poor control may significantly decrease the utilization of
enzymes in electrochemical reactions, thereby restricting the
charge transfer kinetics of the electrode.

Electrostatic layer-by-layer (LbL) assembly, which uses well-
defined complementary interactions between oppositely
charged components in aqueous media, has been considered as
the most versatile and effective approach for preparing ultra-
thin nanocomposite films with tailored physical and chemical
properties.”*® As a result, this electrostatic LbL assembly
approach has been widely applied to various electrochemical
electrodes for energy generation, storage, and conversion
devices.>***?° However, in spite of these notable advantages, the
traditional electrostatic LbL assembly has much difficulty in
preparing highly conductive supports.*® For example, the
sequential LbL assembly of anionic metal NPs and cationic
bulky polyelectrolytes in aqueous media results in NP arrays
with a low packing density per layer due to the long-range
electrostatic repulsion between the same-charged NPs in
aqueous media,*** which is closely related to the increase in
contact resistance. Additionally, the electrical properties of
metal NP multilayers can be strongly restricted by the presence
of bulky polyelectrolytes as well as the low packing density of
metal NPs.””** Furthermore, in the case of depositing electro-
statically LbL-assembled (anionic GOx/cationic polyelectrolyte),,
multilayers onto the conductive supports such as ITO glass for
the preparation of glucose-detections sensors or BFCs, the
presence of bulky and insulating polyelectrolytes sandwiched
between adjacent GOx layers significantly increases the charge
transfer resistance of the electrodes.*”

Here, we introduce a high-performance BFC based on the Au
NP-coated CFs (ie., Au-CFs) with remarkable electrical
conductivity and high electrocatalytic activity. To this end, tet-
raoctylammonium bromide-stabilized Au NPs (i.e., TOABr-Au
NPs) with a diameter of ~8 nm were covalently layer-by-layer
(LbL)-assembled with amine-functionalized molecule linkers
(i.e., tris-(2-aminoethyl)amine (TREN)) onto CFs in organic
media. In this case, pristine CFs with an electrical conductivity
of approximately 261 S cm™ " were converted into Au NP-coated
CF electrodes with a low resistivity of ~1.7 x 10™* Q cm and
a high electrical conductivity of ~6100 S cm ™', which signifi-
cantly outperforms the electrical conductivity of various modi-
fied carbon nanotubes (CNTs) reported to date (e.g., 33 S cm ™"
for compressed CNT-enzyme electrodes*®). We also demonstrate
that the Au NPs deposited on the CF surface can also act as
electron relays for efficient electrocatalytic reactions, and
resultantly, highly conductive Au-CF electrode can be directly
used as an electrocatalytic cathode that itself enables
outstanding oxygen reduction reaction (ORR) activity due to the
densely packed but nanoporous Au NP arrays. Additionally,
when anionic GOx are electrostatically LbL-assembled with
cationic TREN onto the Au-CFs in aqueous media (i.e., GOx/
TREN),, multilayers, the formed electrodes (i.e., GOx/Au-CFs) are
used as anodes for BFCs. It should be noted that the use of
TREN as a short molecule inker instead of bulky polyelectrolyte
linker minimizes the charge transfer resistance of the formed
electrode. The complete hybrid BFCs (i.e., Au-CF cathode and
GOx/Au-CF anode) prepared from these combined LbL
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assemblies (i.e., covalent bonding- and electrostatic bonding-
induced LbL assembly), exhibit a high power output of 1.2
mW cm ™~ and excellent operating stability (~85% of the initial
power performance after 15 days) under fixed external resis-
tance, which are much higher values than those of the CNT-
based BFCs reported to date.

2. Experimental section
2.1. Materials

Multi-walled carbon nanotubes fiber (B-type CNT fiber, here
abbreviated as CF), GOx (Aspergillus niger (180 U mg™')) were
purchased from Taiyo Nissan and Amano Enzyme Inc.,
respectively. Tetraoctylammonium bromide (TOABr), tris-(2-
aminoethyl)amine (TREN, M,, ~ 146), poly(ethylene imine) (PEI,
M, ~ 800), gold(u) chloride trihydrate (HAuCl,-3H,O,
=99.9%), and sodium borohydride (NaBH,, 99.99%) were
purchased from Sigma-Aldrich.

2.2. Synthesis of TOA-Au NPs

TOABr-stabilized Au NPs were synthesized using a two-phase
reaction reported as Brust method.** Briefly, 30 mmol per L of
gold(m) chloride trihydrate (HAuCl,-3H,0) in de-ionized water
(30 mL) and 20 mmol per L of TOABr dispersed toluene (80 mL)
were mixed with vigorous stirring at room temperature. Then,
0.4 mol L™ " aqueous solution of NaBH, (25 mL) was added to
the above mixture for reduction. After sufficient stirring
(approximately 3 h), the aqueous solution was separated from
the mixture, and then the remaining toluene solution was
repeatedly washed with H,SO, (0.1 mol L™, 95% purity, Dae-
jung Chemicals) and NaOH (0.1 mol L™, 97%, Sigma-Aldrich).
After the washing steps, the remaining aqueous solution was
removed. As a result, we used toluene solution containing TOA-
Au NPs for the deposition of TOA-Au NP. The diameter size of
TOABr-Au NPs in toluene was measured to be approximately
8 nm.

2.3. Preparation of COOH-functionalized CFs

Pristine CFs with a diameter of 32 £ 0.5 um and a length of
3 mm were first oxidized by in the mixture of nitric acid (HNO3,
25 wt%) and sulfuric acid (H,SO,, 75 wt%) at 70 °C for 90 min
for the preparation of COOH-functionalized CFs (COOH-CF).
The electrical conductivity of COOH-CFs was measured to be
approximately 261 S cm ', After surface modification, the
COOH-CFs were dipped in the PEI polymer solution (1 mg
mL™") for 30 min for the deposition of TOABr-Au NPs.

2.4. Fabrication of n-Au-CF electrodes

The COOH-functionalized CF electrode was dipped in ethanol
solution containing amine (NH,)-functionalized PEI (M,, ~ 800;
1 mg mL~ ") for 30 min to ensure the sufficient loading amount
of Au NPs. It should be noted that the PEI with a large amount of
amine (NH,) groups providing multiple binding sites as well as
high affinity for TOABr-Au NPs on the surface of the COOH-
functionalized CF, and furthermore PEI has stable hydrogen-
bonding interaction with COOH-CFs.”” The PEI-coated COOH-

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8ta12342j

Published on 01 April 2019. Downloaded by Korea University on 1/30/2020 11:59:18 AM.

Paper

CFs were then dipped in TOABr-Au NP solution (10 mg mL ")
for 30 min, and then TOABr-Au NPs-coated-CFs were washed
with toluene solvent three times. In this case, bulky TOABr
ligands bound to the surface of Au NPs were almost completely
replaced by NH, groups of the PEI-coated CF due to the high
affinity between the bare surface of Au NPs and NH, groups of
PEL After this adsorption process, TOABr-Au NP-coated CFs
were immersed into the TREN ethanol solution (1 mg mL™") for
30 min, and then washed with pure ethanol. Similarly, the bulky
TOABr ligands were completely replaced by NH,-functionalized
TREN molecules. These deposition processes were repeated
until the desired bilayer number was obtained. The formed Au-
CFs were used as a cathode as well as a conductive support for
anode.

2.5. Fabrication of anodes for BFC

For BFC anode, the Au-CF electrode (i.e., (TOA-Au NP/TREN),,-
coated CF electrode) was immersed into the enzyme (GOx)
solution (5 mg mL™") for 10 min that is dissolved in phosphate
buffer saline (PBS), and then washed with deionized water. After
the adsorption of GOx, the GOx-coated CF electrode was dipped
into the TREN-dissolved PBS buffer solution for 10 min again,
and then washed with deionized water. Using these repeated
processes, the formed (GOx/TREN),,/(TOABr-Au NP/TREN),,/CF
was used as an anode for BFC.

2.6. Fabrication of a complete Au-CF BFC

The top end of 20-GOx/Au-CF anode and 20-Au-CF cathode were
cemented to each copper wire using commercial silver paste
(ELCOAT P-100 from CANS, South Korea) for the electro-
chemical measurements. The dried silver paste was further
insulated with an epoxy adhesive (5 Minute Epoxy S-208 from
DEVCON, USA). After the installation of the anode and the
cathode in an electrochemical cell containing 50 mL PBS solu-
tion (20 mmol L~" phosphate, 0.14 mol L' NaCl, pH: ~7.4) at
37 °C, the BFC power densities were determined by two different
methods; (1) the cyclic voltammogram (CV) measurement and
(2) current flowing measurement through an external variable
resistor (in the range of 1 kQ to 10 MQ) to control cell potential
(see Fig. S17). Additionally, the toxic chemical issues of toluene,
TOABTr ligands, and PEI polymers should be considered in view
of the biocompatibility of Au-CF electrode. The more detailed
explanation is given in the ESL7

2.7. Measurements

FTIR analysis was carried out using a CARY 600 spectrometer
(Agilent Technology) in the specular mode at room tempera-
ture, and the obtained dataset was plotted after line smoothing
using spectra analyzing software (OMNIC, Nicolet). All spectra
were obtained from 200 scans. The loading mass of the (TOABr-
Au NP/TREN), multilayers adsorbed onto the CF electrode was
measured using an analytical balance (XP205 model, Mettler
Toledo, resolution of 0.01 mg). For this investigation, we first
measured the mass of the pristine CF electrode, and then
measured the total mass of (TOABr-Au NP/TREN), multilayer-
coated CF electrode. Using this measurement, we estimated
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the mass of (TOABr-Au NP/TREN), multilayers adsorbed onto
the CF electrodes. The height of (GOx/TREN),, multilayer on Au-
coated silicon wafer was scanned using atomic force micros-
copy (AFM, XE-100, Park Systems) in non-contact mode. The
film thickness was also measured by spectroscopic ellipsometry
(SE MG-1000, Nano-view Co.) at an incidence angle of 70.5° over
five positions on the formed (GOx/TREN),, multilayer. Surface
morphological images and cross-sectional images of Au-CF-
based BFC electrodes were investigated using scanning elec-
tron microscopy (Hitachi $4700).

For the electrochemical measurements, the top end of an
electrode was cemented to a copper wire using commercial
silver paste (ELCOAT P-100 from CANS, South Korea). The Au-
CF electrode (for cathode) and GOx/Au-CF electrode (for
anode) were used as the working electrode, with Ag/AgCl refer-
ence electrode and a Pt counter electrode, respectively. A three-
electrode electrochemical cell coupled to electrochemical
analyzers (an Ivium-n-Stat, Ivium Technologies) was used for
cyclic voltammetry and chronoamperometry. Cyclic voltammo-
grams (CVs) of Au-CF-based BFC electrodes were measured in
the potential range from —0.6 to +0.6 V in PBS buffer (20 mmol
L~" phosphate, 0.14 mol L™ NaCl) of pH 7.4. Nyquist plots of
the real and imaginary parts (Z' and Z”) of a hybrid complete
BFC were obtained from electrochemical impedance spectros-
copy (EIS) measurements in a frequency range from 0.2 Hz to
100 kHz.

3. Results and discussion

3.1. Highly conductive Au-CF electrodes

To prepare the Au-CF electrode, TOABr-stabilized Au NPs (i.e.,
TOABr-Au NPs) with a diameter of approximately 8 nm (see
Fig. S2af)* and TREN (M, ~ 146, Fig. S2bf) were LbL-
assembled onto CFs (ie., (TOABr-Au NP/TREN),/CF) with
a diameter of approximately 35 um and a length of 3 mm using
the high affinity between the Au NPs and the primary amine
(NH,) moiety of TREN in organic media (Fig. 1a). Although the
plasmon absorption peak (Ayax) of TOABr-Au NPs dispersed in
toluene was located at 523 nm (Fig. S3at), the absorption peak
of (TOABr-Au NP/TREN), multilayers was gradually broadened
and redshifted to the near-infrared (IR) region upon increasing
the bilayer number (7) of multilayers from 1 to 10. Considering
that the surface plasmon resonance peak of Au NPs is closely
related to the NP-NP distance, these results suggest that the
interparticle distance within the Au NPs decreased in both the
lateral and vertical dimensions, resulting in the high packing
density of the NPs (Fig. S3bf) (more detailed explanation is
given in the latter part).

The formation of dense and stable (TOABr-Au NP/TREN),
multilayers was also confirmed by Fourier-transform infrared
(FTIR) spectroscopy in attenuated total reflection (ATR) mode
(Fig. S47). The ATR-FTIR spectra of the TOABr-Au NPs and TREN
exhibited distinctive absorption peaks originating from the C-H
stretching vibrations of long aliphatic chains at 2928 and
2856 cm™ ' and the N-H bending vibration of amine groups
(-NH,) at 1654 and 1554 cm™ ', respectively. Additionally, the
C-H scissor peaks (at 1446 cm™ ') of the TOABr ligands

J. Mater. Chem. A, 2019, 7, 13495-13505 | 13497
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Fig. 1 Characterization of (TOABr-Au NP/TREN), multilayers. (a) Schematic design of (TOABr-Au NP/TREN),o/CF layer-by-layer (LbL)-
assembled carbon fiber (Au-CF) electrodes. Here, n is the number of TOABr-Au NP/TREN layers. (b) Optical image of the pristine CF electrode
and surface morphological SEM images of the n-Au-CF electrode with a varying number of TOABr-Au NP/TREN layers (n =5, 10, and 20). (c) SEM
cross-section images at low and high magnification of the fracture surface and EDS images of 20-Au-CF (~35 pm diameter), which show porous
nanostructures that contain the Au NPs. (d) Electrical conductivity of n-Au-CF as a function of n. (e) Cyclic voltammetry curves of n-Au-CFs at
ascan rate of 5 mV s~ tin PBS buffer solution. (f) Nyquist plots of n-Au-CFs in the frequency range 0.2 Hz to 100 kHz. The ESR values forn =0, 5,
10, and 20 were 810, 324, 258, and 100 Q, respectively.
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overlapped with the N-H bending vibration of TREN. As the
TREN layer was deposited onto the outermost TOABr-Au NP-
coated Si substrate (see the absorption spectrum of the 0.5-
bilayered film in Fig. S4bf), the absorption peak intensity of
C-H stretching vibrations almost completely disappeared.
Conversely, the intensity of the -NH, group peak slightly
increased over the same period. The alternating deposition of
TREN and the TOABr-Au NPs produced inversely correlated
changes in the peak intensities of the N-H bending and C-H
stretching frequencies. These results implied that the TOABr
ligands (see the C-H stretching vibrations at 2928 and
2856 cm™ ') loosely bound to the surface of Au NPs were
replaced by the amine (-NH,) groups of TREN (see N-H bending
at 1654 and 1554 cm ™~ ') during LbL deposition due to the higher
affinity of the bare surface of the Au NPs for the NH, groups of
TREN. Therefore, the organic layer between adjacent Au NP
layers had a thickness of only one TREN molecule, which
minimized the separation gap between Au NPs. These results
exactly coincide with the changes in the surface plasmon
absorption peaks of (TOABr-Au NP/TREN), multilayers shown
in Fig. S3b.t That is, TOABr-Au NPs are densely adsorbed onto
the substrates because there is no electrostatic repulsion
between neighboring Au NPs in nonpolar media, which implies
the decrease of NP-NP distance in the lateral dimension.
Additionally, when the vertically neighboring TOABr-Au NP
layers are bridged by small molecule ligands, the bulky TOABr
ligands are almost completely replaced by small TREN mole-
cules (M,, ~ 146), and therefore only one TREN molecule layer
exists between the vertically adjacent Au NP layers. As a result,
with increasing the bilayer number (n) up to 10, the optical
properties (that is, UV-vis spectra) of the formed (TOABr-Au NP/
TREN),, multilayers were similar to those of bulk Au film.

We also investigated the surface morphologies of (TOABr-Au
NP/TREN),,—o, 5, 10, and 20 Mmultilayer-coated CF electrodes using
field-emission scanning electron microscopy (FE-SEM) images.
As shown in Fig. 1b, the TOABr-Au NPs were homogeneously
and uniformly deposited onto the inner and outer surfaces of
CFs without serious NP agglomeration, whereas the formed Au-
CFs exhibited microporous (due to CFs) and nanoporous (due to
adsorbed Au NPs) structure. In this case, the loading mass of
the (TOABr-Au NP/TREN), multilayers increased almost linearly
from 20 to 80 pg cm ™" as the bilayer number () increased from
5 to 20 (Fig. S5t). We also estimated the optimal interparticle
distance by a density functional theory (DFT) investigation of
the thickness of one TREN molecule linker sandwiched between
two Au surfaces, where the energetics of the TREN were simu-
lated as a function of the separation distance between Au
surfaces. The DFT results suggest that a TREN linker on a flat
conformation on the Au surface form a nearly atomic-scale layer
between the Au surfaces. The estimated adsorption energy of
amine groups of TREN on the single Au surface was
11.1 keal mol ™', and an optimal separation distance of TREN
between Au surfaces was ~7 A with 31.2 kcal mol™* of the
estimated adsorption energy of TREN molecule (Fig. S67).

To further confirm the uniform and dense deposition of
(TOABr-Au NP/TREN),, multilayers onto CFs, we also examined
the cross-sectional structure and atomic characteristics of the Au-

This journal is © The Royal Society of Chemistry 2019
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CF electrodes with a diameter of 35 + 0.7 pm using FE-SEM
images and energy-dispersive X-ray spectroscopy (EDS)
mapping, respectively (Fig. 1c). In this case, the TOABr-Au NPs
uniformly and deeply infiltrated into the inner center of the
porous CF electrode as well as decorating the outer surface,
maintaining the nanoporous structures formed from numerous
CNT fibers. These adsorption phenomena were mainly attributed
to the LbL assembly method based on 8 nm-sized Au NPs and
small-molecule linkers (TREN) in organic media, which was in
stark contrast with previous reports that the successive deposi-
tion of LbL-assembled polymer films onto porous substrates,
such as alumina membranes, could easily fill nanosized holes.*®

In addition to imparting structural uniqueness, the bridging
of neighboring Au NPs by only one TREN layer could signifi-
cantly reduce the contact resistance due to the minimized
separation distance and dense packing. These possibilities are
strongly supported by the fact that the electrical conductivity
and resistivity of the (TOABr-Au NP/TREN), multilayer-coated
CFs exceeded those of pristine CFs (Fig. 1d and S77). Specifi-
cally, upon increasing the n of (TOABr-Au NP/TREN),, from 0 to
20, the electrical conductivity of the LbL-assembled Au-CF
electrode significantly increased from 261 to 6100 S cm !,
whereas the resistivity notably decreased from 3.8 x 102 (for
the pristine CF with n = 0) to 1.7 x 10~* Q cm (for n = 20).
Furthermore, considering that Au NPs have electrocatalytic
properties for the ORR, the Au-CF electrode itself can be used as
an electrocatalytic cathode for hybrid BFCs. To demonstrate
this possibility, the electrochemical properties of n-Au-CF [i.e.,
(TOABr-Au NP/TREN),-coated CF] electrodes were investigated
as a function of 7 at a scan rate of 5 mV s~ using a three-
electrode cell configuration in 20 mmol L™ phosphate buffer
saline (PBS) under ambient conditions (i.e., the temperature of
the surrounding environment) (Fig. 1e). In this case, the current
density of the cyclic voltammetry (CV) curves gradually
increased with increasing n. In particular, the cathodic current
density of the 20-Au-CF electrode was approximately 664 times
higher than that measured with the pristine CFs (i.e., n = 0) at
—0.6 V (Fig. S8at). Electrochemical impedance spectra (EIS) also
exhibited the lower internal resistance (320 Q for 5-Au-CF, 250 Q
for 10-Au-CF, and 100 Q for 20-Au-CF at 1 kHz) for the n-Au-CF
electrodes than the pristine CF electrode (810 Q at 1 kHz) (Fig. 1f
and S8bt). These results clearly imply that the electrochemical
properties of n-Au-CF electrodes are mainly governed by the
properties of the Au NP multilayers rather than by those of the
pristine CFs.

Based on these results, we investigated the electrochemical
cathodic properties of 20-Au-CF using CV in oxygen-free (N,-
saturated), ambient, and oxygen-rich PBS solutions (Fig. S9a
and bt). The cathodic current densities of the Au-CF electrode
measured at a potential of —0.6 V in ambient and O, conditions
were —7.6 and —15.5 mA cm™ >, respectively. The normalized
current density values were obtained by subtracting the areal
cathodic current density at a specific potential of —0.6 V in
oxygen-free conditions from the areal cathodic current density
measured at the same potential in ambient or oxygen-rich
conditions. Here, the normalized current density levels imply
that the capacitive and other parasitic currents of the electrode
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are eliminated. Therefore, the normalized current predomi-
nantly comes from the ORR at the cathode, which is closely
related to the stationary power of the BFC, measured by
applying a fixed external resistance. On the basis of —3.0 mA
cm ™2, the value obtained in oxygen-free N, conditions, the
normalized cathodic current densities at —0.6 V were —4.6 mA
cm? (with an equivalent series resistance (ESR) of 100 Q) under
ambient conditions and —12.5 mA cm~> (with an ESR of 88 Q)
under O, conditions (see Fig. S9ct). In addition, the areal
current density related to the ORR efficiency of the Au-CF
cathode was improved with increasing the rotation speed of
a stirring bar in a cell from 0 to 300 rpm (see Fig. S107).
Accordingly, the LbL-assembled Au NP multilayers could be
effectively used as ORR catalysts for the BFC system as well as
bulk metal-like electron conductors, and furthermore, their
electrocatalytic performance could be enhanced by increasing
the bilayer number (or loading amount) of Au NPs within the CF
electrode.

3.2. GOx/Au-CF anodes

As mentioned earlier, the Au-CF electrode can also be utilized as
a conductive support for immobilizing enzymes for the prepa-
ration of BFC anodes. To this end, a BFC anode was prepared
through the additional deposition of electrostatically LbL-
assembled (GOx/TREN),, multilayers onto the 20-Au-CF (here-
after, 20-Au-CF is designated as Au-CF) (Fig. 2a). However, in the
case of LbL assembly using bulky GOx with a size of 6.0 x 5.2 x
7.7 nm>** the thickness of only one or two bilayers can easily
exceed the electron-hopping distance (~2 nm). Therefore, we
delicately adjusted the thickness (or loading amount) of the
GOx/TREN multilayers by using the solution concentration- and
pH-controlled electrostatic LbL assembly of GOx (5 mg mL ")
and TREN (1 mg mL™") solution at a human-body-compatible
PH of 7.4. First, the pK, (pH with a degree of ionization of
50%) of carboxylic acid groups within GOx is approximately 4.5,
and therefore GOx at pH 7.4 is highly negatively charged.
However, TREN has a pK, of ~10 and is highly positively
charged at pH 7.4. These highly charged GOx and TREN
substituents were loaded in extremely low amounts per layer
because of the long-range electrostatic repulsion between the
two compounds with the same charge.**** When the thickness
of GOx multilayers onto the Au-coated Si substrates similar to
Au-CFs was measured using cross-sectional FE-SEM, the formed
(GOX/TREN),, multilayers exhibited ultrathin film thicknesses
of approximately 9 nm (Fig. 2b). Additionally, the film thickness
of (GOX/TREN),, multilayers using spectroscopic ellipsometry
was also estimated to be approximately 9.8 £ 0.8 nm, which was
consistent with that obtained by FE-SEM image within the error
range. Furthermore, in the case of AFM measurement, the
thickness of the (GOx/TREN),, film is measured to be approxi-
mately 10 nm (see Fig. S111). This ultrathin thickness indicates
that the GOx multilayers adsorbed onto the substrates were
uniformly and conformally flat, with the thickness of a single
GOXx layer. That is, the adsorption conformation and thickness
of (GOx/TREN),, multilayers can be effectively controlled for
facile electron transfer through the enzyme layers.
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On the basis of the LbL-assembled GOx multilayers, we first
investigated the electron transfer kinetics at the electrode
interface according to the outermost layer of the GOx/TREN
multilayers (Fig. 2¢ and d). Specifically, glucose with hydroxyl
groups has a higher affinity (hydrogen-bonding interaction)
with NH,-functionalized TREN than with highly negatively
charged GOx at pH 7.4. Therefore, glucose could easily infiltrate
into the outermost TREN-deposited multilayers. Notably, the
outermost TREN-coated electrode displayed much lower elec-
tron transfer resistance than the outermost GOx-coated multi-
layers despite a further increase in layer number (Table S1} and
Fig. 2e). Pardo-Yissar et al** also reported that negatively
charged Fe(CN)s>*~ redox probes could be more easily
diffused into the outermost positively charged polyelectrolyte-
coated multilayers, showing lower electron-transfer resistance
than the outermost negatively charged multilayers. Therefore,
our results strongly suggest that the use of a small-molecule
linker (TREN) for the construction of GOx multilayers has
a negligible effect on the electron transport between the GOx
and the conductive support (i.e., Au-CF).

Based on these results, we investigated the anodic current
density of (GOx/TREN),,/Au-CF (i.e., m-GOx/Au-CF) electrodes at
a glucose concentration of 300 mmol L™" in PBS solution under
ambient conditions (Fig. 3a and S12%). In this case, the
normalized current densities of the m-GOx/Au-CF anodes
almost linearly increased according to the increase in bilayer
number (m). In particular, the 20-GOx/Au-CF electrode exhibi-
ted the highest value of 31.6 mA cm ™2 (the 5- and 10-GOx/Au-CF
electrodes showed values of 9.2 and 17.8 mA cm >, respec-
tively). Given that GOx enzymes are electrically insulating, these
results clearly show that the conformal coating of ultrathin GOx
multilayers on the Au-CF surface can be achieved through LbL
assembly, allowing the precise control of electrochemical active
GOx loading. Although the ESR and charge transfer resistance
(Rc¢) values increased from 97 to 115 Q and from 14 to 35 Q,
respectively, upon increasing m from 0 to 20 due to the depo-
sition of insulating GOx (Fig. 3b), the electrochemical perfor-
mance of the m-GOx/Au-CF electrodes was more strongly
influenced by the optimized GOx thickness than by a slight
increase in resistance (Fig. 3a).

We also examined the electrochemical performance of the
20-GOx/Au-CF electrode upon increasing the glucose electro-
lyte concentration from 0 to 300 mmol L' under ambient
conditions (Fig. 3c and S13, S147). In this case, the normalized
anodic current density of the 20-GOx/Au-CF electrode (the
normalized anodic current density excluded the current density of
20-GOx/Au-CF at 0 mmol L™ glucose (7.5 mA cm™?) from the
anodic current density of the 20-GOx/Au-CF electrode at +0.6 V)
was notably increased to approximately 31.6 mA cm 2 at
a glucose concentration of 300 mmol L™ " with a low ESR of 116
Q as confirmed by EIS. In the case of GOx-free Au-CFs, the
anodic current density was gradually increased with
increasing the concentration of glucose in PBS, which corre-
sponds to approximately 19% of the anodic performance of 20-
GOx/Au-CF (Fig. S151). These results indicate that the Au-CFs
can serve as a promising host for effective loading of the
enzyme catalyst (GOx) as well as the co-catalyst for the
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Fig. 2 Characterization of the anode composed of (GOx/TREN),, multilayers. (a) Schematic illustration of the enzymatic anode assembly
process with GOx and TREN on the (TOABr-Au NP/TREN),o/CF structure. Here, m is the number of GOx/TREN layers. (b) Cross-sectional FE-
SEM image showing the film thickness of (GOx/TREN),o multilayers deposited onto a Au-coated Si wafer. (c) Schematic of the outermost layer-
dependent interfacial electron transfer kinetics (tested on the Au-coated Si wafer substrate), which are a function of the outermost layer of (GOx/
TREN),, multilayers with different surface charges. (d) Nyquist plots of (GOx/TREN),,, multilayers as a function of bilayer number (m). (e) Planar and
cross-sectional SEM images at low and high magnification of the 20-GOx/Au-CF anode.

oxidation of glucose. Although a higher glucose concentration
increases the electrooxidation reaction involving GOx multi-
layers adsorbed on Au-CFs, this remarkable increase in the
current response of the Au-CF-based anode was closely related
to the high electrical conductivity of the Au-CF support. To
verify this suggestion, we investigated the electrochemical
performance of a pristine CF-based anode (i.e., 20-GOx/CF)

This journal is © The Royal Society of Chemistry 2019

under the same experimental conditions (Fig. S167). In this
case, the 20-GOx/CF anode exhibited an extremely low
normalized current density of ~2.4 mA cm™ > at +0.6 V despite
the same enzyme loading as in the 20-GOx/Au-CF anode
system. These results clearly demonstrate that the deposition
of Au NP multilayers in the CFs allows facile electron transfer
between the GOx layer and the conductive support (i.e., Au-
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a) Anodic current density curves of the (GOx/TREN),,/20-Au-CF elec-

trode. Inset: illustration of anode fibers assembled with m-GOx and TREN on 20-Au-CF. (b) Nyquist curves for (GOx/TREN),,/20-Au-CF. The
inset shows the high-frequency region. (c) Anodic current density curves of the 20-GOx/20-Au-CF anode as a function of glucose concen-
tration. The areal current density of the 20-GOx/CNT anode was tested and fitted in 0 mmol L~ and 300 mmol L~* glucose buffer conditions for
comparison. All measurements were performed at a scan rate of 5 mV s~ in PBS under ambient conditions (a—c). (d) Potential (£ — E%') versus
log(v) measured at a scan rate of 100 mV s~tin PBS under ambient conditions.

CF), resulting in a significantly improved current output
(approximately 13 times higher than that of the pristine CF-
based anode).

To further investigate the catalytic kinetics of the 20-GOx/Au-
CF anode, the apparent heterogeneous electron transfer rate
constant (K;) was estimated using the Laviron method for
a quasi-reversible and surface-controlled electrochemical
system.** Generally, a large K; indicates a very effective reaction
in facilitating the DET of GOx. First, the K of the anode was
obtained through the plot of separation potential (AE, = E — E°)
versus log(v) in the range of a high scan rate (Fig. 3d and S177),
which was calculated to be 3.5 + 0.1 s~ . In previous papers, the
K, values for carbon-based electrodes were calculated to be 0.3,
1.53, 3.02, and 2.83 s ' for single-walled nanotube (SWNT)-
modified electrodes,”” multiwalled nanotube (MWNT)-
modified electrodes,* reduced graphene oxide-MWNT elec-
trodes,” and GOx-graphene-chitosan nanocomposite elec-
trodes,* respectively. Therefore, it is reasonable to conclude
that the DET of Au-CF-based anodes is more favorable than that
of conventional carbon-based anodes for BFCs. The surface
coverage (I') of electroactive GOx can be calculated from the
charge integration of the cathodic peak in the CV according to
the formula, I' = Q/nFA, where Q is the total amount of charge, 4
is the working electrode area, F is the Faraday constant, and n is
the number of electrons transferred (n = 2).* In this case, the
adsorption amount of GOx without the electrocatalytic Au NPs
(by the elimination of charge amount originating from GOx-free
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Au-CF electrode) was estimated to be approximately 3.73 x
10~% mol em™?, which was much higher than the GOx loading
amount on the glassy carbon electrode (1.17 x 10 *° mol
ecm %), and that on the graphene quantum dots modified
carbon ceramic electrode (1.80 x 10~° mol cm™?).** In line with
these results, it is reasonable to conclude that the notable
electrochemical performance of GOx/Au-CF are significantly
improved by various positive effects including high electrical
conductivity, low charge transfer resistance at the interface
between GOx and Au-CF, and high surface coverage of LbL-
assembled GOx.

Additionally, the electrochemical response of GOx immo-
bilized onto the heterogeneous surface is mainly due to the
redox reaction of electrochemically active sites (flavin adenine
dinucleotide, FAD)**> buried within the enzymes. Here, the
small AE, of ~0.11 V obtained from our system indicates a fast
heterogeneous electron transfer process, and the reaction was
not diffusion-controlled but surface-controlled, as expected
for an enzyme-immobilized system. In the case of a surface-
controlled system, AE, has been estimated to be less than
200 mV.* Therefore, the small AE, (~0.11 V) and large K, (~3.5
+ 0.1 s ') obtained for our GOx/Au-CF anode imply fast elec-
tron transfer between the redox center of the enzyme and the
surface of the Au-CF electrode. Thus, it was demonstrated that
the GOx/Au-CF electrode could be successfully used as a BFC
anode with superior electrochemical performance.

This journal is © The Royal Society of Chemistry 2019
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3.3. Power output performance First, when the power density of our hybrid Au-CF BFC was
measured using polarization tests, the resulting power output
was measured to be ~2.1 mW cm~? (with an open-circuit
voltage of ~0.98 V) in 300 mmol L ™" glucose in ambient
conditions. However, the power performance measured by CV

Based on Au-CF-based anodes and cathodes with high electro-
chemical performance, we prepared a complete hybrid BFC
(Fig. 4a and S1t). The power of BFCs can generally be measured
by two different methods, CV or varying circuit resistance.**

(a) Cross-section Cross-section

TOABr-Au NPs

Gluconolactone H i "™ One end-fixed BFC
Anode Cathode electrode on the glass
(20-GOx/Au-CF) (Au-CF) substrate by epoxy
(b) (©)
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Fig. 4 Performance of hybrid Au-CF-BFCs. (a) Schematic diagram showing the complete hybrid Au-CF-BFC. One end of each BFC electrode
was fixed by epoxy on the glass substrate to avoid electrical shortage during continuous operation. (b) Power output of the complete hybrid BFC
(consisting of the 20-GOx/Au-CF anode and Au-CF cathode) as a function of potential in 300 mmol L™ glucose in ambient conditions, as
obtained by polarization tests. (c) Power output of the complete hybrid BFC upon applying a fixed external resistance in the range of 1 kQ to 10
MQ. (D) Voltage (V)-current (/) profiles of the hybrid BFC with different external resistances (1 kQ to 10 MQ). All measurements were performed in
PBS containing glucose (10 mmol L=* and 300 mmol L™) under ambient conditions at 37 °C. (d) Relative voltage retention (OCV/OCV,) of the
complete hybrid Au-CF-BFC, measured under an open-circuit system. (e) Relative power retention (P/Pg) of the complete Au-CF-BFC in
10 mmol L~* glucose buffer for 15 days. In this case, the change in the power output of the Au-CF-BFC with external variable resistance was
continuously measured as a function of time.
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can be overestimated due to the generation of capacitive
currents and other parasitic currents (Fig. 4b). To exclude these
parasitic currents at the anode and cathode, the transient and
stationary power outputs were also measured by applying a fixed
external resistance. The resulting areal power density of Au-CF-
BFC (composed of 20-GOx/Au-CF) was approximately 1.2 mW
cm 2 (based on the external surface area of the Au-CF-BFC
electrode and corresponding to a volumetric power density of
1325.7 mW cm ° (normalized by total electrode volume) and
a length-specific power of 12.8 uW ¢m™ ' (normalized by total
electrode length)) with an low glucose concentration of
10 mmol L' (the physiological concentration required for
applying the Au-CF-based hybrid BFC in implantable biomed-
ical devices), the BFC exhibited a maximum power density of
approximately 0.6 mW cm > with an open-circuit voltage of
~0.72'V by CV (~0.5 mW cm > by applying a fixed external load,
Fig. 4c and S18t). Furthermore, these high power outputs (~2.1
mW cm ™2 by CV and ~1.2 mW ¢cm > by applying a fixed external
load) have not been achieved by the conventional carbon-based
DET-BFCs reported to date (Table S2+).

These results emphasize the outstanding ability of LbL-
assembled Au NP multilayers to minutely regulate the interfa-
cial adsorption onto the CFs and the structure between the Au
NPs and GOx, thereby improving the electrochemical perfor-
mance of the resulting material. As a consequence, the areal
power density of the 20-GOx/Au-CF-BFC measured at a fixed
resistance was 1.2 mW cm™ %, which outperformed the best-
reported performance (~0.2 mW cm %)* of CNT-based
glucose BFCs with DET under a fixed external load. We also
confirmed that the developed Au-CF-BFC exhibited good oper-
ational stability, maintaining ~88% (~0.63 V) of its initial
voltage in an open-circuit system and ~84% (~0.4 mW cm ™ ?) of
its initial power density during continuous operation (~15 days)
in PBS buffer containing 10 mmol L™ glucose (Fig. 4d, e and
S197). Although the decrease of power output is caused by a few
problems such as deactivation of immobilized enzymes (GOx),
deactivation of the intrinsic catalytic components, change of the
glucose concentration, and partial desorption of GOx from an
electrode during the continuous operation of BFC, it should be
noted that the operation stability of BFCs shown in our system
is very reliable and superior to those of previously reported
BFCs.>**’

4. Conclusion

We fabricated LbL-assembled hybrid Au-CF electrodes with
remarkable electrical conductivity (~6100 S em '), high ORR
activity, and good operational stability. Additionally, we
demonstrated that these Au-CF electrodes could be successfully
applied as conductive supports for anodes as well as electro-
catalytic cathodes. In particular, an enzymatic anode based on
the m-GOx/Au-CF electrode could provide a favorable immobi-
lized enzyme conformation as well as effective electron
communication between the immobilized enzyme layer and the
highly conducive Au-CF electrode, facilitating charge transfer
and enzymatic reaction with decreased internal resistance.
These improved performances were mainly induced by the
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stable formation of electrochemically active Au NP arrays and
GOx layers using small NH,-functionalized organic linkers
(TRENS). Therefore, under a fixed external resistance, the hybrid
BFCs composed of a LbL-assembled 20-GOx/Au-CF anode and
20-Au-CF cathode generated a high-power output with
a maximum of 1.2 mW cm™ 2, which was superior to that of
conventional CNT-based BFCs measured under the same
conditions (i.e., the use of a fixed external resistor to obtain the
power density). Considering that Au-CFs can boost the electro-
chemical performance of pristine CNTs, we believe that our
approach can be effectively applied in various electrochemical
applications, including sensors or energy storage devices.
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