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Toward Wearable Energy Storage Devices: Paper-Based
Biofuel Cells based on a Screen-Printing Array Structure
Isao Shitanda,*[a, b] Misaki Momiyama,[a] Naoto Watanabe,[a] Tomohiro Tanaka,[a]

Seiya Tsujimura,*[b, c] Yoshinao Hoshi,[a, b] and Masayuki Itagaki[a, b]

A novel paper-based biofuel cell with a series/parallel array

structure has been fabricated, in which the cell voltage and

output power can easily be adjusted as required by printing.

The output of the fabricated 4-series/4-parallel biofuel cell

reached 0.97�0.02 mW at 1.4 V, which is the highest output

power reported to date for a paper-based biofuel cell. This work

contributes to the development of flexible, wearable energy

storage device.

Paper-based biofuel cells (PBFCs) are attracting increasing

attention as new energy harvesting systems for self-powered

biosensors, sensor tags, wearable biomedical devices, and small

electrical devices.[1–19] Cellulose paper has been used as the

substrate for these electrodes, which serves as a structural and

mechanical support. The PBFC is light and thin, and has several

advantages such as safety during use, disposability, and cost of

product.

Array-type PBFCs have great potential for improved output

power.[5,20,21] For example, an array-type PBFC has been reported

in which the PBFC was constructed by stacking a paper

substrate with a carbon paper-based biocathode and bioanode

connected in a 3-series fashion.[5] This cell achieved a maximum

output power of 0.18 mW at 1.5 V. However, in the case of

previously reported array-type PBFCs,[5] the cell components

were not fully printed on the paper substrate.

Recently, we introduced a array-type origami PBFC, which

was constructed as a printable array electrode of two individual

cells on one sheet of paper by screen-printing.[21] The origami

PBFC, which modulated output voltage by paper folding,

exhibited almost 1 V of open-circuit voltage and 48 mW of

maximum output power.

Although great progress has been made in the research

field of array-type PBFCs, several challenges still need to be

addressed before practical applications can be provided. The

output power and voltage of the PBFCs still need to be

improved in order to directly power small medical or portable

wireless transmission devices that demand higher than sub-mW

sources.

However, the output power and current of a PBFC is not

simply improved by the straightforward scale-up of single

PBFCs. For example, the current distribution due to the

influence of the internal resistance of the electrodes, solution

resistance, and mass transfer of the fuel cannot be ignored as

the electrode area expands (see SI). In addition, uniform

immobilization of enzymes over the entire electrode becomes

difficult as area is increased.

In addition, the previously reported array-type paper-based

PBFCs need to be stacked or folded with other components

prior to use; consequently a PBFC that does not require this

complicated operational procedure before use is highly desired.

The rational design of array-type PBFCs is clearly a highly

important topic for realizing PBFCs as user-friendly energy

harvesting devices.

To solve this problem, we introduce a novel design principle

for printing high-power multi-series/parallel array PBFC struc-

tures of which the cell voltage and output power can easily be

adjusted as required. By adopting a parallel structure for the

array-type PBFC, the output power dramatically increases. In

preliminary work, we determined the most suitable design for

the series/parallel structure of a single cell of an array-type

PBFC electrode using the finite element method (FEM, Fig-

ure S1, Table S1).

To the best of our knowledge, this communication is the

first report that demonstrates a multi-array-type PBFC on one

sheet of paper. The present PBFC, which is based on a 4-series/

4-parallel printable array structure, exhibited an output power

of about 1 mW, and an open circuit voltage of about 2.5 V. This

conceptual model is highly applicable to the development of

new low-cost and flexible energy harvesting devices.

We note that a water-repellent-treated paper substrate

having good oxygen permeability is the key to successfully

achieving a series/parallel PBFC structure. In the present study,
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we found a water-repellent-treated Japanese paper to be a

suitable printable substrate. This paper has a printable smooth

surface[1] and good oxygen permeability. One side of the paper

was coated with a water repellent, the principal component of

which consisted of silicon nanoparticles. The water-repellent-

treated paper retained good oxygen permeability.

Figure 1 shows a schematic illustration of the fabrication

process for the single cell; further details can be found in the

Supporting Information.

The characteristics of the bioanode and biocathode were

investigated independently using the three-electrode method.

The bioanode or biocathode was connected to a three-

electrode potentiostat (AlS/CH Instruments, Model 802B). An

Ag jAgCl reference electrode and a Pt wire counter electrode

were placed in the electrolyte solution. For the electrochemical

measurements of the bioanode, the bioanode was soaked in

the electrolyte solution, while the biocathode was floated on

the electrolyte solution, to allow the supply of oxygen

throughout the paper during the measurements (Figure S2).

Figure 2(a) shows cyclic voltammograms (CVs) for the bioanode,

in the presence and absence of 0.1 M glucose, in 1 M

phosphate buffer (pH 7.0), at room temperature. Glucose is

oxidized to gluconic acid in the presence of glucose oxidase

(GOx), while GOx is converted to its reduced form. The reduced

GOx reacts with the mediator, TTF+, which is reduced to

tetrathiafulvalene (TTF), then diffuses and is oxidized at the

carbon-electrode surface. As a result, the current increases

when glucose is present in solution.[7] Although a clear redox

wave for TTF was not observed on the bioanode in the absence

of glucose, a clear catalytic wave for glucose oxidation was

observed in the solution containing 0.1 mol dm�3 glucose. The

oxidation current started to flow and dramatically increased at

potentials higher than 0.03 V vs. sat. KCl jAg jAgCl during the

anodic scan. The current for GOx catalysis is clearly mediated by

TTF, as evidenced from the onset potential of the catalytic

current.[17] The maximum catalytic current density at 0.23 V was

4.83 mA cm�2.

Figure 2(b) shows cyclic voltammograms for the cathode.

The black line in Figure 2(b) is the CV of the present paper-

based biocathode, in which the water-repellent-treated Japa-

nese paper was used as the substrate. On the other hand, the

red line is the CV of a biocathode in which a polyimide film was

used as the substrate. It should be noted that the oxygen

permeability of the polyimide film is quite low in comparison

with that of our treated paper. Bilirubin oxidase (BOD) is known

to catalyze the reduction of oxygen by a direct transfer

reaction.[7] As shown in Figure 2(b), compared to that of the

polyimide-based cathode, the catalytic oxygen reduction

current is dramatically increased at potentials lower than 0.54 V

in the cathodic scan when the paper-based biocathode is used,

since aerobic oxygen is able to penetrate into the paper and be

supplied to the porous carbon layer. The maximum catalytic

current density at 0.30 V was �0.41 mA cm�2. On the other

hand, oxygen is unable to penetrate through the polyimide

surface. Consequently, the cathodic current is limited by the

oxygen dissolved in the electrolyte solution.

We next fabricated single PBFCs, and arranged them into

series configurations containing two and three PBFCs, as shown

in Figure S3, followed by performance evaluation. In the case of

the single PBFC, paper was placed between the anode and

cathode surfaces (Figure S3(a)). A 1 M phosphate buffer (pH 7.0)

containing 100 mM glucose was then cast onto the paper layer

(Figure 1). Due to its water absorbency, the paper layer also

Figure 1. Fabrication process of a single cell, paper-based, biofuel cell
(PBFC). Figure 2. Cyclic voltammograms of a) GOx and TTF-immobilized porous

carbon electrode (bioanode), using 1 M phosphate buffer (pH 7.0) in the
presence (blue line) and absence (red line) of 100 mM glucose at room
temperature. b) BOD-immobilized porous carbon electrode fabricated on the
paper substrate (blue line) and on a polyimide substrate (red line) using 1 M
phosphate buffer (pH 7.0) at room temperature. The scan rate was 10 mV s�1.
The edge of the paper was soaked in the electrolyte solution at room
temperature during the measurements.
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acts as an electrolyte container, as well as an ion exchange

membrane. The output powers of the 2-series and 3-series cells

were also estimated using the same procedure. The power-

potential curves of these PBFCs are shown in Figure S4(a). It

should be noted that all power-potential curves were measured

three times for each cell and the standard deviations were

calculated. To calculate the standard deviation, we made a fresh

device for each measurement. The open circuit voltage (OCV)

of the single cell was 0.61 V and is attributed to the difference

between the onset potentials of the bioanode and biocathode.

The maximum power density of the fabricated single PBFC was

76�21 mW cm�2. The maximum powers of the 2- and 3-series

cells were 176�29 and 255�54 mW cm�2, respectively. In

addition, the OCVs of the 2- and 3-series cells were 1.2 and

1.8 V, respectively, which are about 2- and 3-times higher than

that of the single cell, respectively. Figure S4(b) shows the

relationship between the number of cells in the series and the

maximum output power of the whole cell, and indicates that

that the maximum output power increases in proportion to the

number of cells. From these results, we conclude that the cell

voltage and output power of the cell can easily be adjusted as

required using the present procedure.

Finally, we designed a new PBFC that was composed of 4-

series and 4-parallel cells (16 single-cell modules) as shown in

Figure 3. Details of the dimensions of this PBFC are provided in

Figure S5. To attain a power output in the mW region, the areas

of the anode and cathode of each single cell were altered to

1 cm2. The FEM-simulated cell design determined that the

length-to-width ratio of these electrodes should be 4; hence,

each electrode was 0.5 � 2 cm in size.

In order to reduce the inner resistance of the conducting

carbon layer, we used a silver connecting layer at each end of

the sets of 4-series cells. The BOD of 10 U and GOx of 200 U

were immobilized onto the cathode and anode surfaces on

each single cell, respectively.

The current-potential and power-potential curves of the

PBFC are shown in Figure 4. The red line depicts the results

from the 4-series/4-parallel cell, while the blue line shows those

from the 4-series/1-parallel cell. The OCVs of both cells were

2.3 V. The maximum current and power of the 4-series/4-parallel

cell was determined to be 1.04 mA and 0.97�0.02 mW at 1.4 V,

respectively, four times higher than that of the 4-series/1-

parallel cell (0.23 mA, 0.24�0.21 mW). The maximum power

density of the fabricated PBFC was 60 mW cm�2. The maximum

power and current from this cell are, to the best of our

knowledge, the highest reported to date for a PBFC (Ta-

ble S2).[10–19] The output power density of the 4-series/4-parallel

cell is lower than that of our previous work[7,21] because the

structure of the PBFCs are completely different. The output

power and current of our PBFCs depend on the performance of

the biocathode. In the case of our previous PBFCs, oxygen is

directly supplied to the biocathode from the air, while in the

case of our present PBFC, oxygen passes though the water-

repellent paper to react at the biocathode surface. Despite this,

the maximum power density was 1.7 times higher than that of

a printed paper-based biofuel cell fabricated on one sheet of

paper.[20] We also demonstrated that this PBFC was able to

illuminate an LED without the need for a booster circuit.

(Figure S6).

In summary, we have constructed a mW performing PBFC

by applying suitable porous anodic/cathodic carbon inks and

array structures. The fabricated PBFC exhibited a remarkable

power output of close to 1 mW (0.97�0.02 mW), which, to the

best of our knowledge, is the highest output power reported to

date for this type of cell. The maximum power density of the

fabricated PBFC was 0.06 mW cm�2. The flexible, paper-based,

biofuel cells are highly applicable to the development of low

cost, flexible, and wearable, energy devices. In the near future,

we will endeavor to fabricate a fully screen-printed PBFC

prepared by enzyme-containing inks.

Figure 3. a) Schematic illustration and b) photograph of the 4-series/4-
parallel PBFC..

Figure 4. a) The current-potential and b) power-potential curves of the
PBFCs. The red line depicts the results of the 4-series/4-parallel cell, whereas
the blue line shows those of the 4-series/1-parallel cell. Experiments were
conducted in pH 7.0 phosphate buffer containing 100 mM glucose at room
temperature.
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