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	 A solid-state CMOS-compatible glucose fuel cell was fabricated in an anode area using 1D 
structural carbon nanotubes (CNTs), which exhibits an open-circuit voltage (OCV) of 330 mV 
and a power density of 7.5 µW/cm2 at a glucose concentration of 30 mM.  The developed fuel 
cell was manufactured using a semiconductor (CMOS) fabrication process from materials 
biocompatible with the human body.  The CNTs improved the fuel cell performance owing to 
their high electrocatalytic capability.  We have introduced CNTs to the fabrication of a needle-
type CMOS-compatible glucose fuel cell.  In this paper, we present a (17.5 × 0.7 mm2) solid-
state CMOS-compatible glucose fuel cell with an OCV of 330 mV at a glucose concentration of 
30 mM, which is the highest OCV for a glucose fuel cell when the anode area is 4.86 mm2 (16.2 × 0.3 
mm2).  The highest power is 0.36 µW.  Power generation is the main challenge in the fabrication 
of glucose fuel cells for biomedical applications.

1.	 Introduction

	 To develop IoT-based healthcare systems, CMOS-compatible glucose fuel cells that offer 
high-performance functions of low-power computing, sensing, and communications are 
demanded.  To satisfy these demands, CMOS biosensor LSIs are intensively developed.(1–8)  
CMOS technology improves the energy efficiency of an IoT-based healthcare system.  However, 
energy-autonomous operation using energy harvesting techniques has been difficult.  To 
address this issue, a CMOS-compatible glucose sensor was proposed and developed in 2010.(9)  
The developed needle-type CMOS-compatible glucose sensor can be fully fabricated 
using a CMOS-compatible process.  The open-circuit voltage (OCV) of a conventional 
CMOS-compatible glucose fuel cell is only 192 mV, which cannot satisfy the required voltage 
for the reliable operation of CMOS LSIs.  Recently, glucose fuel cells have been considerably 
developed for use in solid-state CMOS bioelectronic devices owing to the rapid improvements in 
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their energy efficiency and functioning.(10–18)  Solid-state CMOS-compatible glucose fuel cells 
have been proposed and developed for integration with CMOS circuitries and small systems.(19)

	 The main components of glucose fuel cells are carbon nanotubes (CNTs) that act as a 
catalyst of the electrode reactions of glucose and oxygen.  CNTs as the catalyst are less specific 
and exhibit a low reaction rate, but they are stable in long-term applications.  Thus, further 
improvement of the OCV of fuel cells is essential for practical applications.
	 In this work, a needle-type (17.5 × 0.7 mm2) solid-state CMOS-compatible glucose fuel cell 
is fabricated using CNTs for measurements of 0, 10, 20, and 30 mM glucose concentrations.  
The highest OCV of 330 mV is obtained using 30 mM glucose solution.  The performance of 
the fuel cell is enhanced by CNTs.  The enhancement of OCV will lead to the development of 
implantable devices that could be used for healthcare biomedical applications.
	 The remainder of the paper is organized as follows. In Sect. 2, the measurement setup 
of the CMOS-compatible glucose fuel cell is introduced.  Section 3 presents the fabrication 
process and measurement results, and Sect. 4 shows the discussion.  Finally, Sect. 5 shows our 
conclusions.  

2.	 Materials, Methods, and Development

2.1	 Materials

	 The following chemicals and reagents were used in this work: single-walled CNTs purchased 
from Sigma-Aldrich, 5% Nafion dispersion solution purchased from Wako Pure Chemical 
Industries, and 2-propanol (IPA), glucose, and other chemicals purchased from Kanto Chemical.  
All solutions were prepared using Milli-Q water.

2.2	 Experimental methods 

	 The developed CMOS-compatible glucose fuel cell is shown in Fig. 1.  Its operating principle 
is based on the energy gained from the complete oxidation of glucose.(20,21)  The chemical 
reactions are as follows: 
	 Anode: C6H12O6 + 6H2O → 6CO2 + 24H+ + 24e−,  
	 Cathode: 6O2 + 24H+ + 24e− → 12H2O,  
	 Whole: C6H12O6 + 6O2 → 6CO2 + 6H2O.  
	 Raney platinum cannot mediate the complete oxidization of glucose but mainly mediates the 
oxidation of glucose to gluconic acid.  The main chemical reaction mediated by Raney platinum 
is as follows:  
	 Anode: C6H12O6 + H2O → C6H12O7 + 2H+ + 2e−,  
	 Cathode: 1/2O2 + 2H+ + 2e− → H2O,  
	 Whole: C6H12O6 + 1/2O2 → C6H12O7.  
	 As shown above, glucose oxidation and oxygen reduction occur on the anode and cathode 
sides, respectively.  To improve the performance of the glucose fuel cell, a glucose solution 
should be provided.  The theoretical electromotive force generated via a partial reaction is 1.30 V.(22)  
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2.3	 Experimental development

	 The process of fabricating the needle-type glucose fuel cell is shown in Fig. 2 and is outlined 
as follows:
(1)	A 6-inch silicon wafer with a 1 μm thermal oxide layer was prepared.  The wafer thickness 

was 625 μm.  The fabricated area of each square was 17.5 × 0.7 mm2.  Each cell was arrayed 
with 0.1 mm left around the cell via the die-cut.

(2)	The footprint and anode area were patterned by wet processing.  Titanium and platinum 
of 2 nm and 100 nm thicknesses, respectively, were deposited.  Titanium was used as an 
adhesive layer.

(3)	A 100-nm-thick aluminium layer was deposited on the platinum layer in the anode area.  It 
was annealed to form a platinum/aluminium alloy in the anode area.  After annealing, the 
aluminium layer was etched from the platinum/aluminium alloy and only a porous platinum 
layer remained.(23)  The anode area was 4.86 mm2 (16.2 × 0.3 mm2).

(4)	0.83% Nafion solution was prepared by 1:5 dilution of Nafion liquid dispersion in IPA [Nafion® 
perfluorinated resin solution (5 wt%) in a mixture of lower aliphatic alcohols and 45% water 
(Sigma–Aldrich)].  We spin-coated the Nafion solution at 400 rpm and heated it at 60 and 
120 °C for 30 min at each temperature.  We repeated the coating and heating processes twice 
to form a thick Nafion layer, which was then patterned by photolithography.  The resist 
was etched by oxygen ashing using the reactive-ion etching (RIE) technique, resulting in a 
Nafion layer thickness of 100 nm.

(5)	CNTs were dispersed in 0.83% Nafion solution to form a CNT-dispersed solution.  We used 
single-walled CNTs [single-walled ≥95% carbon-based (≥99%), 0.84 nm in average diameter, 

Fig. 1.	 (Color online) Experimental setup used in this study.
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Sigma–Aldrich].  The CNT solution was spin-coated once and heated.  The CNT-coated 
layer was patterned by photolithography.  The resist was etched with oxygen using the RIE 
technique.  The fabricated cells were 17.5 × 0.7 mm2 in dimension and the wafer was cut into 
needle chips with a device-side length of 0.1 mm margin on each side.

(6)	0, 10, 20, and 30 mM glucose solutions were dropped on the needle-type fuel cell fabricated 
using CNTs.  

	 The images in Figs. 2(a) and 2(b) respectively show the completed wafers with the 
needle-type and separated needle-type fuel cells.  Glucose solutions (0, 10, 20, and 30 mM) 
were dropped on the anode side of the fuel cells, as shown in Fig. 2(b).

3.	 Experimental Results

	 The CMOS-compatible glucose fuel cell means that the glucose fuel cell can be integrated 
into a CMOS.  The PMOS (p-type MOS) and NMOS (n-type MOS) fabrication processes 
were combined and adopted in the CMOS process, which is a standard fabrication process for 
semiconductor devices because it provides high noise immunity and low power consumption of 
the devices.  Conventional glucose fuel cells use an enzyme, a noble metal, H2/O2, methanol/O2, 
or microorganisms.  This type of fuel cell has low power output and durability.  However, 
CMOS-compatible glucose fuel cells are attractive energy sources of biosensors.  CNTs are 
introduced as a novel tool for fuel cells owing to their inherent properties and conductivity.  
These glucose fuel cells provide mobile devices for biomedical applications.(24)

	 In this experiment, the needle-type CMOS-compatible glucose fuel cell had the following 
structures: porous Pt as the anode and CNTs as the cathode.  Figure 3 shows the measured 
output voltage and current of the prototype with the porous Pt and CNTs, respectively.  These 
structures successfully improved the electrocatalytic capability of the anode and increased the 

Fig. 2.	 (Color online) Images of glucose fuel cells fabricated using CNTs: (a) needle-type and (b) separated 
needle-type fuel cells; 0, 10, 20, and 30 mM glucose solutions are dropped on the anode side.
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OCV (19.3, 81.1, 220.0, and 330.0 mV) and current (0.38, 0.55, 1.00, and 1.10 mV) after dropping 
the glucose solutions (0, 10, 20, and 30 mM).  The highest OCV was 330 mV and the peak 
current was 1.10 μA when using the 30 mM glucose solution.  The obtained OCV and current 
were improved by dropping the glucose solutions on a fuel cell.  As a result, a large voltage 
drop was observed and a portion of the electrode voltage was lost to compensate for the lack of 
electrocatalytic activity of the CNTs and glucose solutions.
	 However, the obtained power density decreased from 0.14 to 7.5 µW/cm2 when the glucose 
concentration increased as shown in Fig. 4.  This is expected to be caused by the insufficient 
utilization of the catalyst that enhances the effect of activation polarization, as discussed in 
Ref. 25.  The highest OCV was 330 mV and the peak power density was 7.5 μW/cm2 when the 
current density was 23.0 μA/cm2.  When the glucose concentration increased, the resistance 
(50.8 to 300 kΩ) also increased.  The highest resistance was 300 kΩ at 30 mM glucose.  The 
potential (330, 220, 81.1, and 19.3 mV) vs current density (23, 21, 11, and 8 µW/cm2) plot is 
shown in Fig. 5.  The current density of the needle-type glucose fuel cell is higher than that of 
the conventional glucose fuel cell.  Figure 6 shows that the voltage (330, 220, 81.1, and 19.3 mV) 
depends on the power density (7.5, 4.5, 0.91, and 0.14 µW/cm2).  When the voltage increases, the 
power density also gradually increases.  Nonenzymatic glucose fuel cells exhibit a high power 
density of 9.459 mW/cm2, a high current density of 8 mA/cm2, and an OCV of 0.7128 V at room 
temperature.(26)  The present needle-type (17.5 × 0.7 mm2) CMOS-compatible glucose fuel 
cell exhibited an OCV of 330 mV at 30 mM glucose and a power density of 7.5 µW/cm2.  This 
energy can be applied to mobile devices for biomedical applications.

4.	 Discussion

	 Figures 3 and 4 show that the output voltage increases with glucose concentration.  Our 
previous study indicated that both power density and OCV increased with fuel concentration.(19)  
This performance variation is considerable owing to the insufficient distribution of CNTs used 

Fig. 3.	 (Color online) Dependences of output 
voltage and power on current of fuel cell.

Fig. 4.	 Power density dependence on glucose 
concentration.
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as the cathode.  An increased power density results in a low oxygen reduction efficiency or fails 
to prevent the movement of oxygen to the anode while electrical shortage occurs between the 
anode and the cathode.  The improvement in OCV is discussed from the physical viewpoint.  
The developed fuel cell shows an improved OCV at 330 mV with 30 mM glucose concentration.  
From the measurement results, the activation polarization is considered to be related to the 
energy barrier that must be overcome to initiate a chemical reaction between reactants via a 
voltage drop in a low-current region.(27)

	 This higher OCV of 330 mV with a lower output power 0.363 µW is preferable for CMOS 
circuit design.  In CMOS circuit design for power-limited applications, such as biomedical 
applications, leakage management is important for leakage reduction, power switches, and 
transistors.(28)  A stacked transistor requires a sufficient power supply voltage, which can 
be obtained by improving the OCV, which in turn makes low-power operation with leakage 
management  feasible.  We conclude that this work will contribute to the development of 
rechargeable devices for biomedical applications.

5.	 Conclusions

	 CMOS-compatible glucose fuel cells are attractive energy sources of next-generation 
healthcare sensors.  An OCV of 330 mV is achieved from the needle-type 17.5 × 0.7 mm2 
solid-state CMOS-compatible glucose fuel cell we developed.  In this work, glucose solutions (0 
to 30 mM) are applied to CNTs to improve the OCV.  The CMOS-compatible glucose fuel cells 
are considered attractive energy sources for next-generation healthcare biomedical applications.  
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