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ABSTRACT. This work focuses on the use of electrically contacted carbon nanotubes forests as
an electrode material for the bioelectrocatalytic reduction of oxygen to water. The forests are
directly grown by Chemical Vapor deposition on a conductive tantalum layer which provide
enough mechanic stability during several functionalization and enzyme immobilization steps. A
pyrene bis-anthraquinone derivative (Pyr-(AQ),) was attached via m-stacking throughout the
forest and was used as anchor molecule for oriented immobilization of laccase. This led to high-
performance biocathodes for oxygen reduction via direct electron transfer with maximum current
densities up to 0.84 mA cm™ at 0.2 V vs Ag/AgCl. The morphological changes during the wet

chemical processes were studied by Scanning Electron Microscopy (SEM) revealing cellular



patterning of the forest structure. Despite these changes, the forest remained attached and
electrically connected to the tantalum layer. The resulting bioelectrodes performed with
satisfying stabilities under constant discharge conditions and kept 75 % of its initial

performances after one week.

KEYWORDS: Carbon Nanotube Forests, Functionalization, Laccase, Biocathode, Oxygen

Reduction, Direct Electron Transfer.

1. INTRODUCTION
The challenges in the field of enzymatic bio-fuel cell (EBFC) engineering is the efficient loading
and wiring of the biological catalysts, combined with a convenient environment for enzymes to

keep their optimal electrocatalytic activity.

Within many other materials !, Carbon nanotubes (CNTs) in different macroscopic shapes like
buckypapers, fibres, or pellets > have demonstrated to be an efficient material for biocatalytic
electrodes due to its excellent combination of enzyme wiring capacities and high electroactive
surface area enabling efficient electron transfers with a great amount of biocatalysts *°. CNT
forests are supposed to have improved electron transfer rates in electrochemical setups % but are
difficult to handle and to contact without destroying the initial forest morphology. For instance,
Miyake et al. formed free-standing bioelectrocatalytic films by trapping enzymes via liquid
shrinking of a CNT forest which were applied for a fructose biofuel cell . Zloczewska et al.
transferred vertically aligned CNT (forests) to ITO electrodes with epoxy glue and studied the
electrocatalysis with laccase enzymes for direct and mediated electron transfers ®. Also, Kihara et

al. transferred CNT forests to glassy carbon electrodes before studying the immobilization and



wiring of hydrogenase °. An original approach was presented by Kwon ef al. '® who used CNT
forests to form yarns with entrapped enzymes using a biscrolling method. This led to a biofuel
cell textile design. In all of these works, the CNT forests were removed from the growth
substrate to form the bioelectrodes, because the CNTs forests were grown on non-conductive
substrates and thus were not electrically contacted. Another reason is the little adhesion of the

CNTs to the support leading to little mechanical stability.

Generally, CNT forest are grown on metal catalyst at high temperature using carbon precursor at
high temperatures ''. The nanoscale metallic catalyst particles, typical Fe, Co or Ni, are usually

support on oxide supports, such as SiO, or ALO; 2.

An alternative approach was proposed by Zelechowska et al. with direct growth of curly CNT
forests on graphite . After removal of catalysts with nitric acid, these CNT layers were
covalently functionalized with naphthalene using the diazonium strategy to immobilize the
enzyme bilirubin oxidase. The obtained electrochemical oxygen biosensors revealed direct
electron transfer with the enzyme. Further (bio)-functionalization strategies for vertically aligned
CNTs are based on covalent grafting or via polymer coating of the desired entities on either the
CNT forest tips or the whole forest including the sidewalls '*. In this work, we synthesized CNT
forests on a conducting tantalum layer which shows enough stability for non-covalent
functionalization via dip coating using a pyrene derivative dissolved in organic media. Pyrene
functionalization of carbon nanotubes via dip coating became a reliable method and we
considered it as most appropriate for fragile systems like CNTs forests since it can be performed
under ambient conditions without the need for mechanical stirring . The use of an organic
solvent allowed the diffusion and immobilization of a specific pyrene-based anchor function

throughout the hydrophobic CNT forest to immobilize and wire the enzyme Laccase.



Laccase belongs to the multicopper oxidoreductase family and is a common cathodic biocatalyst

in biofuel cell designs '°.

Since the original immobilization strategy proposed by Armstrong et al., which exploit the
hydrophobic domain close to the T1 centre to immobilize and orientate the enzyme on
anthracene modified surfaces establishing direct electron transfers '/, many similar approaches

19 20 21
, adamantane ~°, and pyrene ~,

have been reported using e.g. naphthalene '®, anthraquinone
making Laccase one of the mostly used cathodic enzyme in biofuel cells. To optimize the
availability of such anchor function, we designed 1-[bis(2 anthraquinoyl)aminomethyl] pyrene
(pyr-(AQ),;) and improved the performance of CNT-based biocathodes 22 This reliable
immobilization and wiring strategy were used to study contacted CNT forests as potential
biocatalytic electrode material. The anchor function for laccase, pyr-(AQ),, was attached to the
CNT forest walls by the mentioned dip coating technique. In a second step, the complete
removal of not-immobilized pyr-(AQ), and solvent must be assured using different washing steps
before the immobilization of Laccase in buffer solution to obtain the final biocathode. The
morphological changes during the wet chemical processes were studied by Scanning Electron

Microscopy (SEM) and the electrocatalytic performances of this setup were determined with

cyclic voltammetry and chronoamperometry.

2. MATERIAL and METHODS
2.1. Materials
All reagents were purchased from Aldrich. Laccase (120 Umg™) from Trametes versicolor was

purchased from Aldrich and stored at 4°C.



2-(bis(methylpyrenyl)aminomethyl)anthraquinone (pyr-(AQ);) was synthesized as described in
22 In brief: 2-bromomethyl-anthraquinone (150 mg, 0.50 mmol), potassium carbonate (152 mg,
1.10 mmol) and (pyren-1-yl) methylamine (51 mg, 0.22 mmol) were dissolved in acetonitrile (30
mL). The mixture was stirred at 60 °C for 24 h under argon. After cooling to room temperature
and removing of solvent by vacuum, the reaction mixture was diluted with CH,Cl, and
successively washed with water and HCI 0.1 M. The organic phase was dried over MgSO4 and
the solvent was evaporated. Purification by column chromatography on silica gel using

dichloromethane as eluent gave the product as a yellow solid.

2.2. CNT forest growth:
The CNT forests were grown by CVD in a quartz tube furnace (Gero GmbH, Germany) as
follows. The catalyst substrate was a 3 nm layer of CoFe (ratio of 90:10, respectively) on a layer
of Ta (30 nm) deposited by PVD on a SiO, wafer (Si-Mat). The Ta layer ensured that the CNTs
were connected to a conductive substrate. Catalyst samples were introduced to the furnace at
750° C and pure H, was initially flowed for 10 minutes at 60 sccm with a chamber pressure of 10
torr (maintained by a throttle valve on the exhaust) to condition the catalyst surface.
Subsequently, C,H, and Ar were introduced to the chamber (120 sccm, each) while maintaining
H, flow, and the pressure was increased to 20 torr. This was maintained for 15 minutes of growth
before shutting off all process gas flows. Samples were cooled under N, flow before removing

from the growth furnace.

2.3. Preparation of bioelectrodes:



All functionalization and washing steps were performed in a “plate material evaluating cell”
(ALS Japan, product no. 011951). Its containing nitrile ‘O’ ring defined the CNT forest working
electrode surface area of 0.45 cm”. In this cell, the CNT forests could be carefully immersed with
the different liquids with a purge tube (ALS 010537). The CNT forests were firstly treated in a
NMP solution containing pyr-(AQ), (1 mg mL™) and subsequently washed with NMP and then
with phosphate buffer saline (PBS, 0.1 molL™, pH 5.0). The functionalized electrodes were then
immersed in a 5 mg mL™" solution of laccase from Trametes versicolor, stored at 4°C in PBS for
48h, and washed with PBS. It has to be noted that until storage at 4°C in PBS, the electrodes

were not allowed to dry.

This “plate material evaluating cell” was also used to perform the electrochemical measurements
with a conventional three-electrode configuration by using an Autolab pgstat100 potentiostat and
0.1 molL™ PBS, pH 5.0 as supporting electrolytes in aqueous media at room temperature after
purging the solution with Ar. The functionalized CNT forests, grown on tantalum, were used as
the working electrode with a Pt counter electrode (ALS 002222), and an Ag/AgCl/Saturated KCl
reference electrode (ALS 013691 RE-1CP). Pyr-(AQ), was synthesized according to 2 Field
Emission-Scanning Electron Microscopy (FE-SEM) images were acquired using ULTRA 55
FESEM 176 based on the GEMINI FESEM column with beam booster (Nanotechnology

Systems Division, 178 Carl Zeiss NTS GmbH, Germany) and tungsten gun.

3. RESULTS and DISCUSSION

3.1. Morphology studies
The pristine and modified CNT forests were characterized with SEM. At the top view (Figure
1A), the as-grown CNT forest shows a random entangled morphology without a clearly patterned

array of tips. At the side view, a high density of slightly curled and straight vertically aligned



CNTs up to a length of 60 um can be identified (Figure 1B). The multiwalled CNTs have
diameter averaging around 10 nm und their density ranges about 10'" cm™ , typically for CNT

forest growth .

After the dip coating of nanotube forests with pyrene-AQ, and the immobilization of laccase, the
CNT forest forms a cellular structure (Figure 1C) with compacted CNTs in some areas. N.
Chakrapani et al. studied in detail this effect and related this phenomenon to capillary forces
arising during the evaporation of liquids from CNT forests, which causes such changes of
morphology **. A zoom at the side view (Figure 1D) gives more insight in this capillary effect,
resulting in CNT tips sticking together in triangular shapes. Despite this structural change, the
nanotube forest remains globally stable on the tantalum layer and the individual CNTs are
homogeneously covered with a thin pyrene-(AQ),-laccase film. It can be suggested that such
pattern formation might be related to the hydrophilic coating and that this allows an improved
access of the enzymatic substrate (O,, dissolved in buffer) to the biocatalyst in a mesoporous

. 2
carbon environment > .



Figure 1: SEM images of A) top view of unmodified CNT forests, B) side view of unmodified
CNT forests, C) top view of functionalized CNT forest bioelectrodes, and D) side view of
functionalized CNT forest bioelectrodes.

3.2. Electrochemical studies and evaluation of the bioelectrocatalytic properties
We hypothesized that the functionalization of CNTs with a dip coating process is particularly
appropriate for these CNT forests, since it barely affects the forest layer '°. To demonstrate the
suitability of this technique, electrochemical methods were used to validate the efficient
functionalization of the forests with the electroactive pyrene-(AQ),. The cyclic voltammograms
of unmodified and anthraquinone-functionalized CNT forest electrodes were recorded between -

0.75 and 0.0 V in 0.1 M PBS electrolyte (Figure 2).
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Figure 2. A) Cyclic voltammograms between -0.75 and 0.0 V of pristine CNTforests (a) and
nanotube pyrene(AQ), functionalized forests (b) in PBS 0.1 mol L' (pH 5). Scan rate v = 0.02 V
s, B) plot of cathodic (a) and anodic (b) peak currents as a function of the scan rate (20, 50, 100
mVs™)

One reversible redox system was observed at E;» = - 0.41 V for the pyrene-(AQ), modified
forests while the untreated forests showed no electrochemical features in this potential range. As
previously reported for the electrochemical behaviour of anthraquinone derivatives in water *°,

this couple corresponds to the 2H'/2¢” reduction of immobilized anthraquinone groups (equation
1)

AQ+2e+2H" — AH,Q, (1)
where AQ and AH,Q are the oxidized (quinone) and reduced (hydroquinone) form, respectively.

A relatively high peak separation of AEp = 0.32 V was observed, which can be attributed to a

slow diffusion of the electrolyte through the modified forests.



To verify the efficiency of this functionalization strategy, cyclic voltammograms were recorded
at different scan rates. Figure 2 B) shows the plot of the anodic and cathodic maximum currents
at 20, 50, and 100 mVs™'. The cathodic and anodic current evolution was nicely linear with an
average coefficient R? of 0.989 demonstrating the stable immobilization of the anthraquinone

units on the CNT forests.

To investigate the appropriateness of these functionalized CNT forests for bioelectrocatalytic
applications, unmodified and pyr-(AQ),-functionalized forest were modified with laccase and the
bioelectrocatalytic activity of the electrodes towards the reduction of dioxygen was studied by

cyclic voltammograms recorded under argon and oxygen purging (Figure 3).

-1000 +——1———————————1————1——1—
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Figure 3: Cyclic voltammograms of laccase-functionalized CNT forest electrodes. a) CNT
forests/Lac under argon (in black, dotted), b) CNT forests/Lac under oxygen (in black,
continuous) and c) CNT forests/ pyr-(AQ),/Lac under argon (in red, dotted) d) CNT forests/ pyr-
(AQ),/Lac under oxygen (in red, continuous) in 0. 1molL™" PBS (pH 5.0); scan rate v=0.01 V ™.
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The unmodified CNT forests and anthraquinone-functionalized CNT forests were compared
towards their catalytic oxygen reduction current. CV scans were performed for the two
electrodes under Ar and constant O, flow. Under argon, no electrocatalytic activity was observed
for the untreated laccase electrodes but we observed a small electrocatalytic wave for the pyr-
(AQ), laccase electrodes which is most likely due to the presence of oxygen residues in the
forest. Under O, purging, both electrodes exhibited an onset potential of 0.58 V, closely
matching the redox potential of the Trametes versicolor T1 centre of laccase >’. All these
electrodes displayed an electrocatalytic reduction wave, confirming direct electron transfer
(DET) between CNT forests and laccase. These catalytic currents account for the electrocatalytic
properties of directly wired laccase on the CNT forests surface. When the CNT forest was first
incubated with pyr-(AQ),, the maximum current density increased approximately three times
compared to laccase randomly adsorbed on CNT forests (0.26 mA cm™), reaching 0.84 mA cm™
at 0.2 V. This drastic improvement cannot only be explained by the efficient orientation and
wiring strategy using pyr-(AQ),, but also by a hydrophobic character of unmodified the CNT
forests. Since Laccase containing buffer solutions do not penetrate the forest, only the surface of
the forest could be modified with laccase. In contrast, initial modification with pyr-(AQ),,
dissolved in DMF allows the access throughout the forest structure and forms the discussed
cellular structure (Figure 1 C, D). The resulting CNT forest provides an improved wettability
resulting in better diffusion of aqueous Laccase and, later, oxygen containing buffer solution.
With this morphology change, the forest CNTs appear also more accessible for enzyme

functionalization.

In comparison with similar approaches, Zloczewska et al. employed vertically aligned CNT

forest film electrodes for bioelectrocatalytic dioxygen reduction and found very high non-

11



mediated catalytic dioxygen reduction current 400 xA cm™ using VACNTs functionalized with
1-pyrenesulfonic acid ®. Here, we unambiguously confirm the major role of anthraquinone to
guide the enzyme efficiently on the electrode surface by interacting with the hydrophobic pocket

near the T1 copper centre.

We also investigated the operational stability of the forest electrodes by performing one-hour
discharge at 0.3 V using chronoamperometry (Figure 4A). The CNT forest functionalized with
pyr-(AQ); and laccase exhibited excellent stability under continuous discharge. The observed
fluctuation of the discharge current can be explained by the constant O, bubbling during the
experiment. Furthermore, by storing the electrodes in buffer solution at 5°C, just a 25 % loss of

the catalytic activity for MWCNT/pyr-(AQ)y/Lac electrode was observed after 7 days (Figure 4

B). The decrease likely arises from desorption of both weakly adsorbed pyrene molecules or

enzymes.
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Figure 4. A) Chronoamperometric response for a CNT forest/pyr-(AQ),/Lac. Ep = 0.3 V (vs
Ag/AgClgy) in 0.1 molL" PBS solution (pH 5.0) under constant oxygen bubbling. B) Cyclic
voltammograms of laccase-functionalized CNT forest electrodes. a) CNT forests/Lac under
argon, b) CNT forests/ pyr-(AQ),/Lac under oxygen, and c) CNT forests/ pyr-(AQ),/Lac under

-1
oxygen after one-week storage in 0.1 molL" PBS (pH 5.0); scan rate v=0.01 V's .
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4. CONCLUSIONS

In this work, we introduced a novel functionalization strategy for CNT forests. Contacted CNT
forests were functionalized with Laccase to form stable electrocatalytic bioelectrodes without
removing from the substrate. Our results showed that dip coating of pyrene derivatives represents
the smoothest functionalization method, which just slightly alters the forest structure. The
supramolecular functionalization of vertically aligned CNT forests allowed the oriented
immobilization of the multicopper enzyme Laccase. As such, high performing biocathodes with
direct electron transfer between the enzyme and the connected CNT forests could be formed This
novel CNT forests functionalization strategy makes this material competitive in terms of
bioelectrocatalytic performances and stabilities with classic CNT layers on electrodes for biofuel

cell applications.
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