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M
any techniques have been devel-
oped to fabricate nanostructures
including top-down methods, such

as photolithography,1 soft lithography,2 nano-
imprint lithography,3 and scanning probe
lithography,4 and bottom-up methods such
as plasma arcing,5 chemical vapor deposition,6

molecular beam epitaxy,7 and molecular self-
assembly.8,9 In most cases, these methods
require precise processing condition control
and sophisticated tools. Nanoimprint lithogra-
phy (NIL) is a simple patterning process that
can transfer nanostructure into polymer by
pressing a mold. Recently, a considerable
amount of research has been carried out on
NIL since it can serve as a new generation
lithography tool to be used in manifold appli-
cations such as semiconductors, sensors, grat-
ing, filters, polymer lasers, and lenses.10�12 In
terms of mass production, the NIL is strongly
competitive compared with conventional
e-beam lithography and X-ray lithography
as it enables the production of large areal

complex patterns at relatively low cost with
high resolution.13

Biofilms are populations of micro-
organisms that are irreversibly attached to
a substratum, to an interface, and/or to each
other. Also, biofilms imply a survival mech-
anism in microbial communities coloniz-
ing surfaces or interfaces where growth is
possible.14�16 They are typically surrounded
by a matrix of extracellular polymeric sub-
stances (i.e., polysaccharides and proteins)
that they produce17�20 and can be found in
various environments such as underwater,
membranes, groundwater, and biomedical
applications. Since microbial biofilms can
reduce the performance of engineered sys-
tems in unexpected ways such as biofoul-
ing, infection, failure ofmedical devices, and
biocorrosion, their growth control is critical
to achieve reliable long-term efficiency.21,22

In general, biofilms show a relatively high
resistance to antibiotics and antimicrobial
agents compared to planktonic bacteria of
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ABSTRACT Unwanted biofilm formation has a detrimental effect on bioelectrical

energy harvesting in microbial cells. This issue still needs to be solved for higher power

and longer durability and could be resolved with the help of nanoengineering in designing

and manufacturing. Here, we demonstrate a photosynthetic solar cell (PSC) that contains a

nanostructure to prevent the formation of biofilm by micro-organisms. Nanostructures

were fabricated using nanoimprint lithography, where a film heater array system was

introduced to precisely control the local wall temperature. To understand the heat and

mass transfer phenomena behind the manufacturing and energy harvesting processes of

PSC, we carried out a numerical simulation and experimental measurements. It revealed

that the nanostructures developed on the proton exchange membrane enable PSC to produce enhanced output power due to the retarded microbial

attachment on the Nafion membrane. We anticipate that this strategy can provide a pathway where PSC can ensure more renewable, sustainable, and

efficient energy harvesting performance.
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the same species due to their protective microenviron-
ment, where biocidal activities are decelerated, and the
transfer of nutrients and ions from the environment is
limited. It has been known that the surface roughness
of the substratum plays a key role in determining the
interaction between the cells and the surface and
forming the resulting biofilms.23�25 In particular, a
nanostructured surface manipulates the biofilm for-
mation, but the relevant mechanism remains poorly
understood. For analyzing such biofilms, microscopi-
cal, molecular biological, chemical, and physical meth-
ods have been employed.26

Bioenergy involving solar energy conversion by
plants or algae has attracted enormous attention for
sustainable renewable energy production includ-
ing biomass and biofuels. In particular, bioelectricity
has been regarded as a promising electrical energy
source.27 Unlike a conventional microbial fuel cell, the
photosynthetic solar cell (PSC) or photosynthetic mi-
crobial fuel cell employs solar energy by combining
photosynthetic micro-organisms with microbial fuel
cell systems.28�33 Even if a conversion efficiency as
promising as 3%, which is similar to the value of
organic solar cells, is reported, many issues need to
be solved in such an energy harvesting system.34 For
example, expensive catalysts and toxic mediators are
used for hydrogen oxidation and electron siphoning,
respectively.35,36

In the current study, we develop a PSC system that
provides higher output power and longer durability
by introducing a nanostructure to the proton ex-
change membrane (PEM). For this, we propose a
new fabrication system where a film heater array is
embedded to precisely control the processing tem-
perature. With the help of nanoimprint lithography,
a nanopattern is transferred to a Nafion film, and
the biofilm growth on the film is investigated to

examine the effect of the nanostructure on biofilm
prevention.

RESULTS AND DISCUSSION

Four nanopillar groups with different diameter sizes
(i.e., 200, 300, 400, and 500 nm) were designed and
arranged on a Ni stamp, as shown in Figure 1. The Ni
stamp with dimensions of 12 cm � 12 cm � 0.8 cm,
where nine sections with different nanopatterns were
constructed, was identified by using atomic force
microscopy (AFM). One of the key factors for success-
fully producing a nanosized polymeric structure is to
precisely control the local wall temperature of a mold.
The fabricated film heater array system allows us to
control the wall temperature in a spatial and temporal
manner with high accuracy. The film heater array,
which is composed of nine independent modules, is
positioned beneath the Ni stamp to transfer heat
efficiently. The configuration of the heater array and
the stamp is illustrated in Figure 2. Before performing
the nanoimprint lithography for the MEA fabrication
(Figure 3a), the Pt deposition was carried out as shown
in Figure 3b. Figure 3c presents a comparison between
a pristine and the nanostructured Nafion film on
the carbon cathode. Further details are explained in
Supporting Information.
To provide insight into designing the film heater

array and to determine the optimal processing condi-
tions for nanoimprint lithography, we carried out a
numerical simulation on the heat transfer. Figure 4a,b
presents the resulting temperature contours on the
stamp. The insets of the graphs present the location of
the heater when it is turned on. It is verified that the
heat modules work independently and that a suffi-
ciently high-temperature distinction between the par-
titions is developed. The proton diffusion through
Nafion films was modeled numerically (Figure 4c,d).

Figure 1. Schematic illustration of theNi stamp fabricated: (a) layout of thenanopatterns on the stampand (b�e) AFM images
of the nanopatterns.
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The nanostructures increase the effective diffusivity
of protons and the interfacial area between the Nafion
and the cell medium, thereby leading to multi-
directional diffusion rather than unidirectional diffu-
sion at the interface. However, the effect is found to be
not as remarkable as expected since the mass transfer
is governed mainly by the averaged bulk properties
and geometric characteristics.
After the nanoimprinting process was applied, the

tensile strength, Young's modulus, and elongation at
break were all increased compared to the untreated
sample (Figure 5a). This is attributed to the enhance-
ment in the crystallinity of Nafion induced by the heat
treatment. In this sense, the linear swelling ratio shows
the reverse order (Figure 5b). That is, the pristine

Nafion has the highest linear swelling ratio, while the
Nafion film treated at 150 �C gives the lowest linear
swelling ratio. The corresponding crystalline charac-
teristics are explained in Figure 5c,d. As the treat-
ment temperature increases, the resulting glass
transition temperature (i.e., order�disorder transi-
tion of ionic clusters) and enthalpy of crystallization
(i.e., melting of microcrystalline regions) are found
to increase.37 The enthalpy of the evaporation of
water indirectly indicates the content of water in the
Nafion samples.
As aforementioned, the wall temperature is con-

trolled in order to determine an optimal processing
condition for the high pattern quality in the nanoim-
print lithography. Figure 6 presents SEM images of the

Figure 2. Film heater array system: (a) schematic diagram of configuration of the Ni stamp and the film heater array,
(b) pattern of nichrome wire, and (c) assembly of the film heater array.

Figure 3. (a) Schematic illustration of the MEA fabrication with use of nanoimprint lithography, (b) SEM image of the
Pt-deposited carbon electrode, and (c) comparison between pristine and nanopatterned Nafion films.
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specimens with different nanopatterns. The samples
nanoimprinted at 130 �C have poor pattern resolution,
while the other samples show quite good replication

quality, even in the case of the smaller pattern size.
It is worth noting that, for nanoimprint lithography,
the increase of the surface area generally results in

Figure 4. Results of numerical simulation: (a,b) temperature contours on the Ni stamp controlled by the proposed film heater
array system and (c,d) diffusion behaviors of protons through the Nafion membrane.

Figure 5. (a) Stress�strain curve for Nafion membranes, (b) linear swelling ratio as a function of time, (c) differential
thermograms for the samples treated with different temperatures, and (d) variation in the enthalpy and glass transition
temperature (ΔHc, the enthalpy of crystallization; ΔHw, the enthalpy of evaporation of water).
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deformation and breakage of the molded pattern due
to the large interfacial energy between the molded
polymer and the mold wall. Additional results are
explained in Supporting Information.
Figure 7 shows the results of analyzing the biofilm

formation on the Nafion membrane. Compared with
the images for the bare Nafion films (Figure 7a�c), the
nanopatterned Nafion films show a significantly low
degree of biofilm formation (Figure 7d,e). This demon-
strates that the nanostructure on the Nafion film
retards biofilm formation. These findings indicate that

while biofilm formation is a complex andmultifactorial
phenomenon, surface topography (i.e., nanopatterning)
yields an apparently different micro-organism growth
behavior. To quantitatively evaluate the antibiofilm
activities, the microscopy images were analyzed using
an image processing program, ImageJ. Figure 7f pre-
sents the areal fraction of the biofilms with respect to
the processing conditions. The Nafion film prepared at
150 �C shows the lowest value, which means that the
well-patterned nanostructures enable the prevention
of biofilm formation.

Figure 6. SEM images and processing conditions of the Nafion specimens prepared by using nanoimprint lithography. At the
fixed time, the mold temperature and pattern size were considered as processing variables.

Figure 7. Microscopic images of algal biofilm: (a�c) bare Nafionmembranes treated at 80, 130, and 150 �C, respectively, and
(d,e) nanopatterned Nafionmembranes prepared at 130 and 150 �C, respectively. (f) Variation of the areal fraction of biofilm
with respect to the mold temperature. The scale bars indicate 50 μm.
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Unlikemicrobial fuel cells, a photosynthetic solar cell
needs a transparent environment where light pene-
trates into the cell chamber. The experimental setup
adopted in this study is demonstrated in Figure 8a. For
the anode and cathode, a Pt mesh and a carbon paper
were employed, respectively. The Nafion membrane
with the nanopattern fabricated using nanoimprint
lithography was used as a PEM. Once an on-light
stimulus is applied to the cells, the measured current
gradually increases over time. During the photosyn-
thesis triggered by light, high-energy electrons are
generated and transported through the photosystems
in the thylakoid membranes. During the transportation,
redox mediator molecules in the chamber extract such
electrons from the photosystems and bring them to the
anode. The electrons move through an external load
and are eventually reduced with oxygen and protons at
the cathode.When the current reached the steady state,
we increased the resistive loads (see Figure S7). The
resulting output power density is shown in Figure 8b.
The PSC with nanopatterns is found to offer higher
power than that with a bare Nafion membrane. This
indicates that the nanostructures on the Nafion mem-
brane not only lead to the prevention of the biofilm
formation, which is in accordance with the results
presented in Figure 7, but also are more advantageous
in transferring the proton through the membrane.
As reported in the literature, the redox mediator is

harmful to algae. As a result, the measured power

density diminished over time (Figure 8c). In order to
identify the long-term performance of the PSC, we
refreshed the cell medium regularly. The inset presents
the change of the peak power densities immediately
after refreshing the medium. While the overall power
density decreases over time, it is evident that the PSC
containing the nanopatterned Nafion membrane pro-
vides greater energy harvesting performance than the
control sample. In this way, the innovativemanufactur-
ing system introduced in the present study was suc-
cessfully applied to enhance the PSC performance.

CONCLUSION

We developed a photosynthetic solar cell that can
improve the energy harvesting efficiency for algae by
introducing nanostructures into the PEM membrane.
For more robust and reliable fabrication of the nano-
structures, a new film heater array system, able to
spatially and temporally control the wall temperature,
was applied to nanoimprint lithography. Heat and
mass transfer phenomena were numerically modeled
to understand the underlying physics behind the
design and fabrication process. MEA containing
the nanoimprinted Nafion film was fabricated using
the heater array system. The antibiofilm activity of the
nanostructure was analyzed using a microscopical
method. The finding shows that the nanopattern of
the Nafion membrane inhibits micro-organisms from
attaching and growing onto the surface. The PCS with

Figure 8. (a) Schematic view of the photosynthetic solar cell used in this study, (b) variation of power density with respect to
current, and (c) power density as a function of time. The inset shows the change of the power densities at the peaks. The blue
dashed lines represent the refreshment of cell medium.

A
RTIC

LE



LEE ET AL. VOL. 8 ’ NO. 6 ’ 6458–6465 ’ 2014

www.acsnano.org

6464

the nanostructured Nafion membrane provided en-
hanced output power density compared with the con-
trol case, which can be explained by the prevention
of biofilm formation for algae. We foresee that the

nanostructure-embeddedPCSplatform is poised to serve
as a new strategic pathway toward enhancing energy
production and maintaining long-term performance of
devices in biofilm-related energy harvesting areas.

METHODS

Stamp Design and Fabrication. Microelectromechanical system
techniques were employed to materialize the designed pattern
on the mold stamp, which has a complementary pattern to that
of the resulting products fabricated using nanoimprint litho-
graphy. A detailed explanation on the patterning procedure is
presented in Supporting Information. The Ni stamp prepared
using the electroforming process was cut to the proper size for
installation in a nanoimprinting machine using a wire cutting
method.

Fabrication of a Film Heater Array System. It is essential to
precisely control the wall temperature in order to replicate
nanostructures with a high pattern quality in nanoimprint
lithography. However, a conventional heating system using
nanoimprint lithography is not suitable for acquiring an accu-
rate local wall temperature. A new film heater array system was
thus designed and fabricated in this study. As shown in Figure 2,
the system was partitioned into nine sections. Each section
consists of a single film heater with dimensions of 3 � 3 �
0.7 cm3. Its heating and cooling rates were 100 �C/min, and
maximum temperature was 200 �C. The temperatures of the
nine sections were controlled separately by each controller.

Membrane Electrode Assembly. The Nafion-117 membrane
(180 μm thick, EW1100) was purchased from Dupont. The
membrane was first treated with 0.5 M H2O2 at 80 �C for 1 h
and then rinsed with boiling water for 1 h. Thereafter, it was
treated with 0.5 M H2SO4 at 80 �C and again rinsed with
boiling water for 1 h. For the fabrication of the MEA structure,
200 nm Pt was deposited on a carbon electrode (ADE75,
MEET) by using an evaporator. Following the typical manu-
facturing method for an air cathode, the Pt-coated carbon
electrode and the Nafion membrane were bonded via
hot pressing. Simultaneously, the polymer membrane was
nanoimprinted using the Ni mold, where the film heater array
system controlled the wall temperature (130 or 150 �C). The
hot pressing pressure and time were 0.5 MPa and 5 min,
respectively.

Measurements. Morphological analyses were carried out
using an atomic force microscope (Nanoman, Hitachi) and a
field emission electron microscope (JEOL, JSM-5410LV). For the
SEM characterization, a Pt layer of 6 nm was coated on the
samples using an ion sputter coater (JEOL, JFC-1100E). Tensile
tests were conducted at room temperature using a universal
testing machine (Universal Testing Machine 3365, Instron)
according to the ASTM 3039. The crosshead speed was set to
5mm/min. In each case, at least fivemeasurementswere carried
out. The thermal characteristics of specimens were investigated
using differential scanning calorimetry (DSC, Mettler Toledo
DSC-822E). The samples were scanned between 25 and 300 �C
at (20 �C/min. The linear swelling ratio (LSR) was determined:
LSR = Ls/Lo, where Lo and Ls are the lengths of the Nafion
membrane before and after immersion in water, respectively.
The sample for measuring the LSR was immersed in distilled
water at 25 �C, and the degree of swelling of the Nafion
membrane was measured with respect to time. Chlorella vul-
garis (ATCC 9765) was selected as an algal cell in this study and
grown in a BG-11 medium with shaking at 37 �C. The nanopat-
terned Nafion membrane was immersed in the cell suspension,
and the resultingmicrobial biofilm formation on themembrane
was observed with a microscope (Leitz, ORTHOPLANE). To
siphon electrons from algae, 2,5-dimethyl-1,4-benzoquinone
was used as a mediator. Amperometric experiments were
conducted using a potentiostat, VeraStat 3 (Princeton Applied
Research, USA) in a two-electrode system. Themaximum power
was measured at different resistances.

Simulation. To ensure a more systematic design for the
nanostructure fabrication platform and to provide a more in-
depth understanding on the MEA structure, we carried out a
numerical simulation on the relevant heat transfer and mass
diffusion. Let us start with the following assumptions: (i) incom-
pressible flow, (ii) Newtonian flow, and (iii) three-dimensional
conduction and convection. The corresponding governing equa-
tions are as follows:

F
Du
Dt

¼ μr2u �rPþ Fg (1)

r 3u ¼ 0 (2)

FCp
DT

Dt
¼ kr2T (3)

Dc

Dt
¼ Dr2cþ R (4)

where μ is the viscosity of a liquid, u is the velocity, F is the
density, P is the pressure, T is the temperature, k is the thermal
conductivity, Cp is the heat capacity,D is the diffusion coefficient,
and R is the source density. The parameter values used were
taken from the related literature, and finite element simulation
was carried out to solve the equations.38
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