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Abstract: An integrated nano-optoelectronic biological sensor system is developed to obtain
insights of the biochemical and physical processes of Geobacter sulfurreducens-based biofilm growth
inside a miniaturized microbial fuel cell (MFC) reactor. Gallium nitride (GaN), which was used as
a novel electrode material, has been investigated in terms of its biocompatibility and performance
to transport the electrons delivered by the microorganisms. Moreover, in order to enhance the
produced current density, vertical 3D GaN nanoarchitectures (i.e., arrays of nanowires and
nanofins) with larger surface-to-volume ratios were fabricated using a top-down nanomachining
method involving nanolithography and hybrid etching technique.
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1. Introduction

Microbial fuel cells (MFCs) are an emerging sector of regenerative energies. Owing to the ability
of generating electricity directly from chemical energy saved in organic compounds, they are well
suited for being used as power saving modules in wastewater cleaning. The core component of a
microbial fuel or electrolysis cell (MEC) is an electrochemically active biofilm (EAB), which is formed,
e.g., by bacteria of the species Geobacter sulfurreducens. Although MFCs are being researched for
several years, the electron transfer process, which is critical for the current production is not yet
sufficiently understood for significantly increasing their power efficiency [1]. For targeted
enhancement of MFCs, a comprehensive understanding of the bacterial metabolism is necessary.
Therefore, a miniaturized portable MFC integrated with a nano-optoelectronic sensor platform is
currently developed to conduct in situ optical measurements, which are intended to give insights
into the biochemical and physical processes during the biofilm growth, including the relationships
between the thickness of the grown biofilm and the bioelectrocatalytic current density [2].
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2. Materials and Methods

2.1. Electrochemical Cell Setup

All bioelectrochemical measurements of the three-electrode system were performed using a
potentiostat type VMP3 (BioLogic, Paris, France) connected to a homebuilt Teflon biofilm reactor
with a reactor chamber volume of approximately 88 cm?® (Figure 1a,b). The surface area of the
electrode directly in contact to the growth medium was kept at ~12.6 cm?2. Here we used a transparent
two-inch working electrode consisting of n-GaN (planar or nanowires) on a sapphire substrate. The
MEC (Figure 1a,b) used in this work, consists of a working electrode on which a biofilm of bacteria
predominantly of the species Geobacter sufurreducens grows. These bacteria oxidize acetate into CO,
protons and electrons and transfer the electrons to the working electrode, from which they pass
through a wire to the counter electrode where they are required for the reduction of protons to

hydrogen gas.
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Figure 1. (a) 3D sketch of a homebuilt miniaturized bio-electrochemical reactor consisting of (1) the
reactor cover frames, (2) the adhesive copper tape, (3) the counter electrode, (4) the O-rings, (5) the
reactor chamber with (6) three tube fittings and (7) the GaN working electrode; (b) Scheme of a
microbial electrolysis cell (MEC) with highlighted bacterial metabolism (inset); (c¢) Current status of
the sensor system. The photodiode and LED board can be screwed on the outside of both rector sides.

2.2. Sensor for Transmission Measurements

The integrated sensor system will monitor the continuous growth of EABs over a longer time,
to obtain information about the biochemical processes occurring in the biofilm. Various already
existing non-destructive optical measuring methods are evaluated, adapted for application on optical
in situ characterization of biofilms and combined in a sensor platform. The first measurement method
integrated into the system is the transmission measurement for the determination of the biofilm
thickness with the purpose of differentiating increasing current density for reasons of the growth of
the biofilm or increasing metabolic activity, respectively. Depending on the material of the working
electrode, the thickness reaches a maximum value [2,3], which cannot be increased, despite enough
growth medium being available. The reason for this is not yet fully understood. It is only known that
the factors, e.g., high conductivity and roughness, have a positive effect on the biofilm thickness [1].
Therefore, with increasing film thickness, deeper lying bacteria are becoming poorly supplied with
nutrients. Currently, the biofilm thickness can only be determined by means of very complex and
expensive measuring methods, e.g., confocal laser scanning microscopy (CLSM) [1-3] or atomic force
microscopy (AFM) [4].

Figure 1c shows the status of the first generation of a compact micro controlled sensor platform
comprising two LEDs and two photodiodes as light sources or transmitted light detectors,
respectively. Initially the extinction coefficient is approximated due to the biofilm density change
caused by gas inclusions and dead bacteria as shown by preliminary investigations with ITO and
ITO/gold electrodes [2]. By cross-sectional imaging using CLSM, the thickness of the biofilm can be
determined ex situ and used together with the intensity measured by the photodiode for calculating
the extinction coefficient, so that it is known for later in situ measurements. If transparent electrode
materials are used, the biofilm thickness can then be determined from the amount of light transmitted
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through the biofilm. Alternatively, the possibility of cultivating the bacteria directly on the LED
material (GaN) should be investigated to achieve maximum light intensities and optimal coupling
with the EAB to reduce environmental interferences. This requires biocompatibility of GaN, which
was investigated within this work. Consequently, GaN simultaneously fulfills the function of the
electron-emitting working electrode. As an extension, the use of 3D nanoLED [5] arrays will allow
the determination of thicknesses with high spatial resolution, as well as holographic photographs.

2.3. GaN as Electrode Material

Two different electrode morphologies (i.e., A and B) were fabricated using metal-organic vapor
phase epitaxy (MOVPE) on a commercial two-inch sapphire wafer of 430 um thickness. The GaN
layer sequence consists of an n-GaN nucleation layer of approximately 30 nm and:

*  For A: an n-GaN layer (2.3 pm, donor concentration No = 10" cm=?) and a 1.9 um n-doped layer
in the range of 10'8-10" cm. This working electrode was cleaned with isopropanol before usage.

*  For B: an n-GaN layer (2.5 pm, Np = 10'® cm), a low doped GaN layer (1.5 um, Np = 10 cm™3)
and an n-GaN layer (1.0 um, Np = 10'® cm=?). Nanowires and nanofins (Figure 2) were fabricated
by inductively coupled plasma deep reactive ion etching (ICP-DRIE), followed by wet etching
for sidewall smoothing and wire diameter reduction [6]. The nanowire array had a pitch of ~2
um, a height of about 1.45 um and a diameter of 380 nm.

Figure 2. Vertical 3D GaN nanoarchitectures in shapes of nanowires after (a) inductively coupled
plasma deep reactive ion etching (ICP-DRIE) and (b) KOH-based wet chemical etching and (c) nanofins.

3. Experimental Results and Discussion

The EAB growth was performed under anaerobic conditions at 35 °C employing the same
growth medium and inoculum source as Schmidt et al. [2]. The electrochemical characterization of
GaN was carried out using chronoamperometry recorded at applied potential 0.2 V vs. Ag/AgCl
reference electrode (Figure 1). In the case of 2D planar GaN material, current densities up to 48 uA
cm? were measured proving the material compatibility in long-time biofilm growth processes.
The reason for not reaching the maximum current again after the second medium exchange could be
unwanted oxygen input into the biofilm reactor or possible biofilm detachment during growth
medium exchange. With the use of the finished sensor system, a better understanding of the
influences on the biofilm growth will be made possible and the measurements will then be repeated.

Furthermore, an MEC current density enhancement, at least at the beginning of the growth, was
expected by utilizing vertical 3D GaN nanostructures with varied sizes and geometries (i.e., arrays of
nanowires and nanofins) using GaN nanomachining techniques, which may enable the bacteria to
grow either in the spaces between the GaN nanostructure sidewalls or directly on their top parts
(Figure 2). This also increases the surface and can protect the initially growing isles of bacteria against
the forces of the growth medium flow. The comparison between the initial biofilm growth of planar
and nanostructured n-GaN shows a similar trend whereby the electrode with nanowires is providing
somewhat lower current densities, thus not confirming the assumption so far. The current densities
observed were not comparable with those of, for example, of graphite or copper electrodes [3].
Further experiments with nanofins are intended to be added to the experiments with planar GaN
and nanowires.
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Figure 1. (a) Chronoamperogram of biofilms growing on 2D n-type GaN (g: medium exchange);
(b) Comparison of the initial biofilm growth of planar and nanostructured n-GaN.

4. Conclusions

In this paper, it was shown that GaN is biocompatible and suitable as electrode material for use
in MECs, regardless of producing lower current density than normally used electrodes (e.g., graphite
and copper). We also presented the first steps towards an integrated sensor system coupled directly
to the biofilm. More experiments using 3D GaN nanostructures are required to be performed to
clarify and explain the effect of surface area enhancement.
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