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Abstract: 
 
A miniaturised abiotical fuel cell designed for operation inside a physiologically relevant mixed 
fuel environment of dissolved di-oxygen (DO) and glucose, have been realised by embedding 
the glucose sensitive anode below a porous oxygen scavenging cathode. Experimental results 
showed the cell capable of maintaining a power density of 2.33 ± 0.11 µW cm-2 at a current 
density of 7.7 µA cm-2 and a cell potential of 0.30 ± 0.01 V. This is comparable to a simulated 
result of 7.9 µA cm-2 in which the DO concentration from the bulk solution of 60 µM (2 ppm) were 
predicted to have fallen to 35 µM (1.18 ppm) before entering the cell and reacting with the 
anode. In contrast, the flux of glucose supplied to the anode was found to maintain a 
concentration of 3.7 mM inside the cell (from a bulk concentration of 5 mM). The generated 
power was approximately 80% of the recorded peak power density of 2.83 ± 0.24 µW, that was 
obtained from separating the fuels prior to use. This suggests that the proposed design were 
able to limit the amount of DO entering the cell prior to catalysis, and thereby minimize any 
reduction in the overall current density. 
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1  Introduction 

  
Smart sensor systems that is linked to the internet and senses the physical world around us 
came of age from the merger between microfabricated sensors with low-power computing 
systems. Their small physical footprint rendered these as interesting candidates for a new 
generation of medical devices that may track an ailment inside the body without any major 
surgical intervention. Popular device applications range from wireless pacemakers [1], to 
defibrillators [2], neurostimulators [3], insulin pump [4], glucose sensors [5], ID tags [6], cochlear 
[7] and retinal implants [8] and potential brain machine interfaces [9].  
 
A prerequisite for reliable use is a viable power supply that will not limit their operational lifetime 
once implanted inside the body. The current norm uses endogenous energy in the form of 
batteries as envisaged in cardiac pacemakers and deep brain stimulators [10], [11], but their 
storage capacity scales with size which will limit the constraints of a miniaturized implant. 
Attempts using inductive energy transfer (as demonstrated in cochlear implants) yields an 
external power supply unit [12] but these only work over short distances and scales with the 
antennae dimension. Consequently, energy harvesting from the local environment may 
represent a viable alternative for power conversion from a source that may not be depleted with 
time. These range from the use of thermal gradients [13], to mechanical vibration [14], and 
exogenous chemicals [15] – the latter especially in the context of a physiological environment, 
where biological fuels such as glucose and dissolved di-oxygen (DO) exits in relative 
abundance. The use of exogenous chemicals may be realised through a fuel cell system whose 
nature depend on the type of catalyst that governs the oxidation process. Enzymatic fuel cells 
use isolated enzymes such as glucose oxidase or hexokinase that are immobilized directly on 
the electrode surfaces [16],[17], whereas microbial fuel cells utilise whole living micro-organisms 
such as bacteria and yeast that converts glucose completely to its end products CO2 and water 
[18],[19],[20]. Abiotic fuel cells on the other hand is based on non-biological materials such as 
activated carbon or noble metals and their alloys [21],[22],[23],[24] which bypasses the fragile 
nature of the biocomponents with the drawback of lower power densities and conversion 
efficiency [25]. Catalytic materials for use in the glucose oxidation process have been reported 
since the first attempts of abiotic glucose oxidation was published back in 1964 [26].   
 
The power generating capabilities range from mW cm-2 (enzymatic) to uW cm-2 (microbial and 
abiotical), with a voltage output limited to 1.3 volts (theoretical) at standard conditions [21]. The 
loss due to ohmic and reaction overpotentials renders these significantly lower in practical use 
with the peak power generated at a cell potential in the tens of a voltage range [16],[17], [18], 
[19], [20], [21], [22], [23], [24]. Since most microelectronic devices require more than one volt to 
function, the output potential from these cells must be ramped up prior to use. The most 
conventional way would be to stack the fuel cells in series [27], or ramping up the voltage using 
a DC-DC converter (charge pump) [28]. The charge generated can also be stored in a capacitor 
for subsequent use given that most system would not need to be continuously powered up [29]. 
Although an increase in the effective surface area of the fuel cell may meet the current 
consumption of the electronic device, circuit modules targeting consumption in the uA regime is 
now being developed [30],[31],[32]. 
 
The catalyst used in fuel cell electrodes has traditionally been based on platinum (Pt) and its 
alloys including non-noble metals such as Raney-Pt [21],[33],[34]. When implemented in a 
cathode for oxygen reduction, these materials are also sensitive for glucose oxidation which 
renders them less suitable for use in environments where both glucose and DO are mixed 
together (such as the human body). Alternative materials such as activated carbon exhibits 
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lower catalytic activity towards oxygen reduction [35], whereas silver, gold or ferric 
phthalocyanine combines a higher catalytic activity towards glucose oxidation with a reduced 
catalytic activity towards oxygen reduction compared to Pt [21]. In contrast, palladium (Pd), 
which shares some of the qualities of Pt, as well as its application in fuel cells, hydrogen sensors 
and catalytic converters [21],[36],[37], has been characterized as a catalyst in extreme alkaline 
and acidic media as well as neutral solutions with pH of 7.4 [21],[25],[36],[37]. It is in particular 
the ability to maintain a high catalytic activity of oxygen reduction in the presence of glucose that 
has proven interesting [25]. It is also readily implemented as thin films in micro fabrication 
processes through sputtering, evaporation, chemical synthesis or electrodeposition [36],[37],[38].  
 
In contrast, Pt is a good candidate particularly in acidic electrolytes or mediums [39] considering 
the glucose oxidation process only. Other abiotic catalysts such as gold and palladium offers 
best performance in neutral and alkaline media, respectively [39],[40],[41]. One main drawback 
of implementing these materials in an anode is the loss of catalytic activity with time due to a 
“poisoning” effect [39], where the active surface sites becomes blocked from the formation of 
reaction intermediates such as carbon monoxide that bonds strongly to the surface [42]. Hence, 
the combination of non-noble metals such as Zinc (Zn), Lead (Pb), Nickel (Ni) or Aluminium (Al) 
with Pt into Raney-Pt alloys may offer more promising results. These exhibit a reduced 
“poisoning” effect and are able to maintain a good catalytic activity towards glucose oxidation 
[11, 33, 43, 44], though all of these do also catalyse oxygen reduction. 
 
Consequently, the use of a fuel cell in an environment where both glucose and DO are present 
requires some means of separation before they are consumed. This was first addressed by 
Drake, Rao and von Sturm back in the 1970’s when glucose fuel cells were considered a 
potential alternative powering the artificial pacemaker [45],[46],[47]. It was not until the advent of 
low power miniaturised sensor systems in the early 2000s that the glucose fuel cell was given a 
renaissance with work presented by Rapoport, Kerzenmacher, Oncescu, and Stetten 
[11],[21],[44],[48]. Since the transport of reactants occurs by diffusion, the proposed solution was 
to stack the fuel cell assembly with a porous oxygen selective cathode positioned on top of a 
(non-selective) anode below. As the reactants start to diffuse through the pores, some of the 
oxygen should be removed by the cathode before coming into contact with the anode.  
 
This paper presents a model that evaluates the ability to remove oxygen from the mixture with 
glucose and to predict how the cathode and anode will perform in such a setting. The geometric 
parameter of the pore was tuned to the results from the cathode fabrication process [25], and the 
fuel cell was characterized under a simulated physiological condition with glucose and oxygen 
mixed together, as well as being treated as separated reagents for comparison. This fuel cell 
system makes solemn use of evaporated thin film catalysts that is compatible with modern 
microfabrication methodologies. This is in contrast to prior work where the electrode system in 
part consists of thick film catalyst based on active carbon in particle or mesh form [48],[44],[49] 
as inks [22], nanotubes [11], nanofibers [23] or as electroplated catalyst coated on metal foils 
[50]. The separation of reactants is realized through the use of a nanoporous cathode made 
from anodic aluminum oxide (AAO). 
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2 Materials and Methods 
  
2.1 Device fabrication 
 
The fabrication of the cathode and the anode have previously been reported in [25],[51]. The 
cathodes were produced by e-beam evaporation of a 200 nm thick Pd film acting as the oxygen 
selective catalyst on top of a nanoporous AAO membrane (Anodisc 6808-7023, Fisher Scientific, 
UK) with a diameter of 13 mm and with pores ranging from 100 to 200 nm. The anodes were 
made by e-beam evaporation of 20 nm Titanium (Ti), 100 nm Pt and 300 nm Ni on a single side 
polished, <100>, 4” Si wafers (p-type, 525 ± 25 µm thickness, Si-Mat, Germany). The electrodes 
where diced into 5x5 mm samples by a dicing saw (DAD - 2H/6T, Disco Corp., Japan) and 
annealed in a 2" barrel furnace (MSL, MTI Corp., USA) at a temperature of 800°C for 2 hours in 
an inert atmosphere of N2 at a flow rate of 2 L min-1. Unalloyed Ni was etched away in a solution 
of (1:1 volume) of 1 M sulfuric acid (H2SO4) and 0.39 m nitric acid (HNO3) at 80°C for 2 hours. 
Electrical connection of all electrodes was made by using silver epoxy (EPO-TEK EE129-4, 
Epoxy Technology, Inc., US) to bond a copper wire to the metal surface prior to encapsulation 
by silicone rubber (3140 RTV Coating, Dow Corning, US). Finally, cyclic voltammetry in 1 M 
H2SO4 solution at 80 °C were used to electrochemically etch any remaining Ni and nickel oxide 
on the anode surface by scanning a potential from -0.30 to 0.40 V at a scan rate of 10 mV 
s 1− over 10 cycles (Versastat 3, Princeton Instruments, US).  
 
A standard Ag |AgCl reference electrode in 4 M saturated KCl (Thermo Scientific, US) was used 
as the reference electrode whereas a coiled up Pt wire (P/3640/89, Fisher Scientific Limited, UK) 
was used as the counter electrode. Electrical connection of all electrodes was made by using 
silver epoxy (EPO-TEK EE129-4, Epoxy Technology, Inc., US) to bond a copper wire to the 
metal surface prior to encapsulation by silicone rubber (3140 RTV Coating, Dow Corning, US). 
The fuel cell housing was machined from solid polyetheretherketone (PEEK, FossTech as, 
Norway) whereas the membrane support layer was made from stainless steel (Easycad Oy, 
Finland). The porous frit U-tube (product code: 44454-00) was supplied by PHYWE Systeme 
GmbH, Germany.  
 
 
 
2.2 Proposed fuel cell design 
 
The electrodes should be arranged so that the fluid with the mixed reactants (glucose and 
oxygen) can be utilised by separating the oxygen away from the glucose. This can be achieved 
by placing the oxygen “consuming” cathode first in the diffusion pathway of the reagents so that 
most of the oxygen has been removed before the reagents reaches the anode (Figure 1). In this 
proposed design, the porous cathode is positioned with the catalytic Pd layer facing up. Both 
oxygen and glucose will diffuse down towards the cathode surface, where a reduction of oxygen 
will take place once in contact with the Pd catalyst. With “most” of the oxygen removed, glucose 
will diffuse further into the cell, and become oxidised to gluconic acid by the Pt-Ni catalyst on the 
anode surface. The gluconic acid will in turn diffuse out of the cell. The two electrons that are 
released for every glucose molecule oxidised will be channelled (through an electric circuit 
where work can be performed) back to the cathode to facilitate the reduction of the O2 molecule. 
The protons released at the anode interface will be conducted back to the cathode through the 
electrolyte separator and transported out from the pores by diffusion. A solid proton conducting 
electrolyte such as Nafion or polyethersulfone can be replaced with a standard buffer if the 
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distance between the two electrodes is kept to a minimum so that the diffusion layers overlap. In 
this manner proton “conduction” can be assumed to occur by diffusion alone.  
 
 
2.3 Model of glucose and oxygen diffusion 
 
The pore size of the cathode is a trade-off between the cavity area providing flow by diffusion of 
reagents and the surface area required to maintain a catalytic activity that is high enough to 
remove DO from the solution. The deposition of the Pd film offered an additional method to 
“shrink” the pore size on the top (entrance) of the porous cathode as a function of the film 
thickness. The sample rotation was made at an angle during the catalyst deposition in order to 
improve the coverage around the pore rim and on the pore wall, which would increase the 
effective area of the catalyst [25].  
 
A model was made and simulated in COMSOL Multiphysics (COMSOL Inc., US) in order to 
investigate these effects (Figure 2). The module “Transport of Diluted Species” was used and 
the cathode was modelled as a single pore element consisting of a cylinder with diameter (dBot) 
located within a given cross section (w = 1 µm) of the cathode (equivalent to 1x108 pores cm-2). 
The reduced diameter near the top of the pore entrance was modelled as a funnel with diameter 
(dTop) and catalyst film thickness (tm). The thickness of the membrane support structure (the AAO 
substrate material) representing the length of the pore channels was set to tb = 60µm. Although 
an increase in the catalyst film thickness (tm) could narrow the pore size at the top surface (dTop) 
in the real experiment, there are still a large variety of pore sizes due to the imperfection in the 
AAO membrane production. Hence, both tm and dTop were considered as two independent 
factors in this model. The thickness of the proton conducting electrolyte (Nafion® PFSA NR211, 
DuPont, US) located between the cathode and the anode (tNaf) was set to 28 µm [52]. The 
thickness (td) of 100 µm corresponded to the diffusion layer between the cathode surface and 
the surrounding bulk solution [50],[53] which considered all flow in the vicinity of the cell being 
laminar in origin [54]. The parameters used in this model were taken from the experiment 
presented in [25].The pore size of the membranes (dbot) was set to an average diameter of 100 
and 200 nm according to the specifications given of the 60 µm thick commercial AAO 
membranes used (Anodisc 6809-7013 and 6809-7023, Fisher Scientific, UK). The range of the 
catalyst film thickness (tm) ranged from 100 to 200 nm [25]. The diameter of the pores at the top 
rim (dTop) were selected in the range from 20 to 90 nm (dBot = 100 nm) and 50 to 190 nm (dBot = 
200 nm), respectively. 
 
The bulk concentration was kept at 5 mM for glucose [21], and 60 µM (2 ppm) for DO [55]. This 
corresponds to the physiological levels found in human subcutaneous tissue. As an initial 
boundary condition, it was assumed that oxygen was consumed completely at the catalyst 
surface of the cathode (zero molar concentration - value set by the program according to the 
diffusion gradient). A second condition was also explored in which the cathode failed to remove 
all oxygen resulting in DO diffusing through and becoming catalysed at the anode (values set by 
the simulated results). Although some of the glucose would be oxidised at the cathode surface, 
the assumption was made that this electrocatalysis would not bear a significant impact on the 
overall external glucose concentration entering the cell.   
 
The calculation of the maximum (simulated) current density (jFC) was based on the reactant flux 
of oxygen at the cathode and glucose at the anode by the following expressions [50]: 
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Cathodic:  

C C
FC

C

F n Fj =
A

      Equation 1 

 
Anodic:                            

A A
FC

A

F n Fj =
A

      Equation 2 

  
where FC and FA are the reactant flux at the cathode and anode respectively (mol s-1), nC and nA 
are the number of transferred electrons per oxygen and glucose molecule consumed, F is 
Faradays constant (= 96485 C mol-1), and AC and AA are the geometric area of cathode and 
anode respectively (cm2). This is based on the individual area of the pore model (10-8 cm2 for the 
anode, and (10-8 – π * dTop2/4) cm2 for the cathode). In this case, nC = 4 and nA = 2 according to 
the following reactions: 
 
Cathodic:  O2 + 2H2O + 4e-  4OH- 
 
Anodic:  C6H12O6 + 2OH-  C6H12O7 + H2O + 2e- 
 
 
The diffusion of solutes in narrow pores can be expressed by the Renkin equation [56],[57]:  
 

 
2 3 5

S S S Sm

0 P P P P

R R R RD = 1 - 1 - 2.104  + 2.09 - 0.95
D R R R R

        
 ∗       
         

   Equation 3 

 
where Dm and D0 are the solute diffusivity in the membrane and in the free solution, respectively; 
RS and RP are the solute radius and the pore radius respectively. In this case, the diffusivity of 
glucose is set at D0-Gluc = 6.73 x 10-6 (cm2 s-1) whereas the radius is RS-Gluc = 4.44 (Å) [57]. The 
diffusivity of oxygen is D0-Oxy = 1.2 x 10-5 (cm2 s-1) [58] and with a radius of RS-Oxy = 1.73 (Å) 
[59].The diffusivity of oxygen and glucose through the Nafion membrane is 1.04 x 10-6 (cm2 s-1) 
and 3.4 x 10-8 (cm2 s-1) respectively [52],[59]. As shown in the relationship between the pore 
diameter and the diffusion coefficient of glucose as well as oxygen inside the pore in Figure 2.b, 
the effect of pore diameter on the diffusion coefficients of both glucose and oxygen will be 
significant if the pore diameter is less than 40 nm. The transport by diffusion follows the 
concentration gradient along the z-axis of the pore and could be simplified to 1D according to the 
Fick’s law of diffusion:   

i
i i i i

i

ΔCF = - D C = - D
Δz

∗∇ ∗      Equation 4 

 
where the subscript  stands for either oxygen or glucose, the values of the diffusivity Di (cm2 s-

1), the concentration gradient ∆Ci (M) and the distance ∆zi (cm) over which the concentration 
gradient extends. 
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2.4 Fuel cell test and assembly 
 
The electrochemical performance of the glucose fuel cell with the given catalysts were tested in 
a solution of 10 mM PBS (P3813, Sigma-Aldrich, US) at pH 7.4. All the experiments were taken 
at room temperature. Glucose was added (G7525, Sigma-Aldrich, US) to a concentration of 5 
mM to simulate the physiological levels in subcutaneous tissue [21]. The corresponding amounts 
of air and nitrogen (N2) were mixed and pumped into the test vessel in order to obtain the 
required DO concentration which was continuously monitored by DO meters (C3040, Consort, 
Belgium). A DO concentration of 60 µM ≅  2 ppm ≅  7% was selected from the value found in 
the subcutaneous tissue, a proposed location of the fuel cell and medical implant [55]. A 
potentiostat (Versastat 3, Princeton Instruments, US) was used to obtain the polarization curves 
of the glucose fuel cell. Stable potential values were achieved by applying a current step of 1.1 
µA cm-2 for a period of 2 h from an initial open circuit potential (OCP). 
 
Two experimental setups were explored (Figure 3): (i) a standard U-tube assembly and (ii) a 
stacked fuel cell package according to the proposed design (section 2.2). The two compartments 
of the U-tube (Figure 3a) was separated by a porous glass frit that allowed ionic communication 
between the anodic and cathodic compartment. It also acted as a barrier preventing the mixture 
of the two reactants (oxygen and glucose) within the timeframe of the experiment. The U-tube 
vessel was used as a proof-of-concept to simulate the “best” case scenario (denoted U1), in 
which DO and glucose was added as separate reagents. It also considered the “worst” case 
scenario (denoted U2), in which DO and glucose was mixed at both electrodes. In the “best” 
case scenario (U1), PBS with 5 mM glucose was added in the right hand compartment 
containing the anode (and deoxygenated with N2), whereas PBS without glucose was added to 
the left hand compartment containing the cathode using N2 gas to reduce (and maintain) the DO 
concentration to 60 µM. In the “worst” case scenario (U2), the PBS solution was mixed with 
5mM glucose and 60 µM DO in both compartments. The cathode and anode electrodes were 
attached on a glass slide by silicone rubber prior to being mounted in their separate 
compartments of the U-tube (Figure 3a). The U-tube was not plugged to allow excess N2 gas to 
be expelled.  
 
The stacked fuel cell assembly was designed in house, and consisted of a 13 mm circular 
porous Pd cathode positioned with the catalyst film facing up on top of a 5x5 mm Pt-Ni anode 
with a 5x5 mm large Nafion film stacked in between. This stacked “fuel cell core” was inserted 
into a carrier made from polyetheretherketone or PEEK (Figure 3 b,c) and immersed in PBS 
containing both 5 mM glucose and 60 µM DO to simulate a real in vivo test condition (denoted 
U3). The electrical separation and ionic conduction between two electrodes were realized by the 
PBS filled channels of the porous AAO membrane and the Nafion film. An o-ring was used to 
separate the cathode from the protective metal frame at the top surface of the carrier. Silicone 
rubber sealed of the gap at the wall between the anode, the Nafion film and the cathode to 
ensure that the test solution could only access the anode throught the pores of the cathode.  
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3 Results and discussion 
 

  
3.1  Transport by diffusion I - Simulation 

 
The total oxygen flux (FTot) associated with a single pore element (Figure 4), consists of the DO 
flux at the top surface of the cathode (FTop) as well as the DO flux penetrating the inclined walls 
of the pores covered with catalyst (FIncl). These fluxes are presented as a function of the pore 
geometry, including the original pore size dBot, the reduced pore size at the top surface dTop and 
the catalyst thickness tm. 
 
The concentration gradient were considered to occur in the z-direction from the bulk solution 
concentration (60 µM) and down to the top surface of the cathode over a diffusion layer 
thickness (td) of approximately 100 µm. The concentration of DO at the cathode surface will be a 
function of the catalytic activity of the anode feeding the cathode with electrons. Any residual DO 
at the cathode surface will penetrate the pore, and have its maximum concentration at the centre 
axis of the inclined portion due to radial diffusion toward the pore wall and the residing catalyst. 
The ratios between the oxygen gradient in the pore centre and distance to the pore wall will be 
smaller than the equivalent values between the bulk solution and the gradient at the top surface. 
Since the catalyst area of the top surface is larger than the area of the inclined portion of the 
pore, any change in the total oxygen flux will mainly depend on flux rate at the top surface. 
 
The initial consideration that all the DO have been reduced at the electrode surface (zero mM) 
will create a maximum concentration gradient from the bulk solution, and a corresponding ideal 
maximum flux rate. The oxygen flux at the inclined pore wall (FIncl) is found to increase with the 
pore size dTop due to an increased flux of DO into the pore combined with a larger surface area 
of the pore rim (Figure 4a). For dTop in the range of 50 to 90 nm, the FIncl was larger for the pores 
with a base diameter (dBot) of 100 nm compared to those with a base diameter of 200 nm. This 
difference of 1.18 ± 0.03 times (measured at dTop = 90 nm) is most likely a result of an average 
shorter radial diffusion distance from the pore centre to the inclined pore wall. However as the 
pore size extends beyond 90 nm, data was only obtainable from samples with the larger base 
diameter. 
 
The DO flux at the top surface (FTop) reduces with increased pore diameter, but has an 
indecipherable change with tm. This suggests that the contribution from the inclined pore section 
of the catalyst layer is marginal. If we consider the main part of the oxygen diffusion happening 
vertically along the z-axis, the theoretical oxygen flux at the top surface of the cathode, 
estimated by Eq 4, would be the equivalent of 7.8 * 10-19 mol s-1 which is in good agreement with 
the FTop data achieved by the simulation for dTop = 20 nm. 

 
The total DO flux (FTot), including the flux at the top surface (FTop) and at the inclined pore wall 
(FIncl), is shown as a function of the pore geometrics parameters in Figure 4b. The response 
scales with dTop, and follows the trend of FTop since it contributes by more than 99% towards the 
FTot. Any decrease in the flux rate comes from the larger pores occupying more void space and 
thereby reducing the effective surface area of the catalyst. 
 
Any remaining oxygen at the cathode will diffuse through the pores and down towards the 
electrolyte interface and eventually to the anode. This may potentially interfere with the glucose 
oxidation reaction due to the poorer selectivity of the Pt-Ni catalyst. The cathode based on AAO 
membranes with an original pore size dBot = 100 nm gives a lower residual DO concentration at 
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the electrolyte interface inside the fuel cell than the cathodes based on AAO membranes with 
200 nm pores, due to larger flux rates of the latter (Figure 5a). This general observation was 
independent of dTop as well as the catalyst thickness tm comparing the respective cathodes. 
However, a larger value of dTop will permit more DO to diffuse past the cathode without being 
reduced due to a larger radial migration distance from the centre of the pore to the catalyst at the 
pore rim. In contrast, a thicker catalyst film (tm) will extend the time available for DO to migrate 
from the centre to the catalyst that are still present on the wall. Hence, the residual oxygen 
concentration will increase with dTop but reduces with increasing tm. 
 
The glucose that diffuses through the pores of the cathode, will continue to diffuse through the 
electrolyte and be oxidised at the anode. Considering the idealised case where a bulk 
concentration of 5 mM exists at the surface of the cathode, and zero molar at the anode surface, 
the concentration of glucose near the pore exit at the electrolyte interface would be equivalent to 
2.2 and 3.7 mM for a cathode equipped with dBot of 100 and 200 nm respectively (Figure 5b). 
 
This concentration difference is limited by the diffusion of glucose through the pore structure 
over a distance spanning the length of the pores (60 µm). A larger pore permits a higher flux of 
glucose, whereas an increase in tm extends the diffusion distance as well as reducing the pore 
area due to a narrowing of dTop. Hence the glucose concentration at the cathode electrolyte 
interface decreases slightly with the increase of the catalyst thickness tm from 100 to 200 nm.  
 
It is clear that the best performance in terms of oxygen reduction will be achieved by reducing 
the pore size of the cathode in order to maximise its surface area available for catalysis. In 
contrast, a reduction in the pore size will restrict the flow of glucose to the anode and reduce the 
catalytic turnover feeding electrons to the oxygen reduction at the cathode. Hence, a balance 
between the turnover at the cathode and anode is required to find the maximum performance of 
the complete fuel cell. This should be taken in comparison to the performance achieved in a 
mixed fuel environment where both glucose and oxygen is free to diffuse to both electrodes. 
 
The simulated relationship between the ideal current density jFC at both electrodes and the 
geometrics parameters, such as the reduced pore size dTop due to the catalyst deposition, the 
original pore size dBot and the catalyst thickness tm inside the pore, is shown in Figure 6. The 
simulated values for the ideal current density |jFC| from the cathode shown in Figure 6a are 
comparable to the theoretically predicted value based on Eq 1 and Eq 4, of 30.1 µA cm-2. This 
considers a DO concentration gradient of 2 ppm (60 µM). The simulated values shows that the 
ideal current density decreases with an increase in dBot, with an increase in the dTop and with a 
decrease in the catalyst thickness tm. The higher current densities observed for cathodes 
equipped with dBot = 100 nm is due to a larger effective surface area (lower porosity) compared 
to those equipped with dBot = 200 nm [25]. Hence, when the surface area reduces with a larger 
dTop for both electrode types, the performance (and thus the |jFC|), is reduced accordingly - a 
trend that has also been observed by Kerzenmacher [50].  
 
In general, the ideal current density range |jFC| at the cathode obtained in the simulation (27-30 
µA cm-2) is higher than the experimentally obtained current density range (< 12 µA cm-2) found 
from the Pd cathode [25]. The simulation considers a condition in which the reaction kinetics at 
the surface is faster than the transport by diffusion so that the concentration of reactants at the 
electrode surface is zero at any time (diffusion limited). Further, it also considers that the 
reaction products does not obstruct any further supply of reactants. However, the reaction 
kinetics of the Pd catalyst may be lower than the limiting current as assumed in the model (the 
concentration of reactants > zero) considered in the model (rate limited).  
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The ideal current density of the anode (Figure 6b) is greatly influenced by the supply of glucose 
through the porous cathode and thus mirrors the concentration of glucose seen in figure 5b and 
with the same factors governing its performance. Thus, a “bulk” concentration ranging from 2.2– 
3.7 mM inside the fuel cell (Figure 5b), would correspond to a maximum current density ranging 
from 4.4 – 8.18 µA cm-2 (Figure 6b). Experimental data obtained from a similar electrode 
immersed in 5 mM glucose shows that diffusion limited transport will start to occur above 15 uA 
cm-2 [51]. Although this threshold is expected to scale down with the concentration of glucose (ie 
6.6 - 11 uA cm-2 respectively) spanning 2.2– 3.7 mM, the modelled power densities should be 
within the region of rate limitation also in a real device. 
 
A pore density of 1x108 cm-2 will give an equivalent porosity of 0.8 to 3.1% considering a pore 
size of 100 to 200 nm respectively. This is more than one order of magnitude smaller than the 
average pore density found in a previous study [38] considering a dBot = 200 nm. Hence it is 
clear that the DO flux associated with one pore is considerable smaller in a real experimental 
setting than what the model predicts. Although this can be compensated for by increasing the 
number of pores in the model (concomitant with a reduction in surface area and FTot for each 
pore), the payback will be an increase in the flux of DO and glucose into the fuel cell 
compartment. However, the pores of the real membrane cannot be treated as a uniform cylinder, 
but rather as a network of crossing channels, which may increase the diffusion distance and 
consequently reduce the supply of reagents by diffusion to a similar rate to what the (simplified) 
model predicts. Thus the modelled pore density represents the best compromise between the 
two. 
 
 
3.2  Transport by diffusion II – Balanced current density 
 
We have so far been treating the cathode and anode performance independently from each 
other. This will not be the case in a stacked fuel cell assembly, where the flow of electrons from 
the anode would need to balance the reduction reaction at the cathode. Considering electrodes 
of the same surface area, the cathode cannot have a larger current density than the anode, and 
there will be a tradeoff where both of these current densities are equal. Since the reaction at the 
anode is the limiting parameter, the cathode reaction would slow down, creating an abundance 
of DO at the cathode surface. This DO would diffuse into the fuel cell together with the glucose 
and potentially become reduced at the anode. This co-oxidation of glucose and reduction of DO 
will in turn slow down the combined current generation at the anode, which in turn would slow 
down the reduction rate of DO at the cathode, triggering more DO to diffuse into the pores and 
down to the anode. Thus, a series of iterative steps were performed using the model to find a 
balance between the current densities of the electrodes as function of DO and glucose 
concentration that replicates the ideal conditions using an AAO membrane with pores of 100 and 
200 nm and a cathode catalyst film thickness of 200 nm (Figure 6c).  
 
The results show that a cathode with dBot = 200 nm permits a higher glucose flux rate compared 
to a cathode with dBot = 100 nm, which consequently results in a higher current density at the 
anode which again governs the amount of DO reduced at the cathode surface. An equilibrium 
condition is expected to be reached around a current density of 4.37 and 7.91 µA cm-2 for a 
stacked fuel cell assembly equipped with cathodes with dBot of 100 and 200 nm respectively. 
This corresponds to residual DO at the cathode surfaces of 42 (1.4 ppm) and 35 µM (1.16 ppm) 
which diffuses into the cell and reacts with the anode, thus reducing the overall current density 
from that observed in Figure 6b (4.5 and 8.2 µA cm-2 respectively). 
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3.3  Electrochemical Performance 
   
The cell potential and power density for the three experimental cases (section 2.4) are presented 
in Figure 7. Considering the best case scenario with separated reactants (U1) the fuel cell 
generated a peak power density of 2.83 ± 0.24 µW cm-2 at a current density of 8.2 µA cm-2 and 
an equivalent cell potential of 0.35 ± 0.03 V (Figure 7a). In contrast, the worst case scenario with 
both reactants supplied to the electrode compartments (U2), a peak power density of 1.61 ± 0.30 
µW cm-2 was generated at a current density of 6.25 µA cm-2 and a cell potential of 0.26 ± 0.04 V 
(Figure 7b). This reduction in performance (57% of the best case scenario) highlights the need 
to separate the reagents prior to use. Consequently, the stacked fuel cell assembly simulating 
the real operating condition (U3) where DO and glucose exists in a mixed fuel environment in 
which the electrode system was immersed, generated a peak power density of 2.33 ± 0.11 µW 
cm-2 at a current density of 7.7 µA cm-2 and a cell potential of 0.30 ± 0.01 V (Figure 7c). The 
peak power recorded here represented approx. 80% of the value obtained in the best case 
scenario, suggesting that some separation of the fuels did indeed occur prior to catalysis. 
 
This result (U3) are comparable to the modelled response (dBot = 200 nm) presented in Figure 6c 
predicting a peak current density of 7.9 µA cm-2. The differences can be explained from a lower 
rate of glucose catalysis at the anode and/or a reduced flux of glucose through the embedded 
Nafion membrane compared to the modelled predictions. There could also have been a larger 
flux of oxygen reaching the anode and thus reducing the overall net current density from 
combined glucose oxidation and oxygen reduction reactions. Some glucose could also become 
oxidised at the cathode, but this has not been considered in the model. The results from the best 
case scenario (U1) are also comparable to the modelled peak current density of 8.2 µA cm-2 
supporting the fact that the anode is the current limiting factor in the fuel cell assembly.  
 
A comparison was made with previous work reported in literature using a stacked fuel cell 
assembly immersed in a mixed fuel environment consisting of comparable values of glucose and 
oxygen maintained in a physiological phosphate buffer at pH 7.4. It was found that the peak 
power density of the cell in the mixed fuel environment (U3) was lower than that reported by 
Kerzenmacher (4.4 ± 0.2 µW cm-2) with a cell using Raney Pt as the catalysts [50]. This is most 
likely due to a smaller effective surface area of the catalytic layers used in our system due to 
thinner films compared to that of [50]. Kerzenmacher based his electrodes on a Pt-Al alloy for 
the cathode (1 µm thick), and a Pt-Zn alloy for the anode (80 µm thick). The power density of our 
system was also lower than that reported by Rapoport (3.4 µW cm-2). However, his cell was 
equipped with a Raney Pt-Al anode and a Pt coated cathode of CNT’s, running in 10 mM 
glucose. This was twice the level used in this study. In contrast, the power density was higher 
than that presented by Oncescu in [44] using comparable film thicknesses and substrate 
material for the cathode (2 µW cm-2). The reason for this improvement could be the usage of Pd 
as the oxygen selective catalyst layer at the cathode instead of Pt [44]. The cell was equipped 
with a cathode made from Pt sputtered on carbon paper. Replacing this cathode with one made 
from nanoporous AAO resulted in reduced power densities (0.1 – 0.2 µW cm-2). Further, the 
power density was also higher than the work presented by Stetten (2 µW cm-2), using electrodes 
made from of activated carbon, and with the anode containing an additional 10% (presumed wt 
%) of Pt.  
 
The results shows that a fuel cell made from electrodes incorporating thin film evaporated 
catalysts are able to generate power densities that are comparable to similar reports using 
electrodes that in part relies on thicker catalyst films. The advantage of thin film technologies is a 
reduced consumption of (expensive) catalyst and the compatibility with standard silicon 
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microfabrication. This enables the electrodes to be made by batch fabrication, and also the 
potential for integration with an associated sensor and electric circuit on the same monolithic 
chip, enabling the prospect of system integration and further miniaturisation.  
 
The results from the fuel cell experiments were compared to the half-cell measurements 
obtained in previous studies on the cathodic [25] and the anodic electrode [51] (Figure 8 a,b). 
Although the results from the cathode (dBot, tm = 200 nm) could be compared directly, the 
electrode potential for the anode had to be calculated based on the curve obtained at 7 ppm DO 
(sat. air) but adjusted for the offset obtained at 2 ppm [51] and scaled throughout as function of 
current density. Both electrodes exhibited sensitivities to the fuel/reactant destined for the other 
electrode as a function of current density, ranging from -22 to -53 mV for the cathode and +100 
to +135 mV for the anode - confirming the presence of cross reactions at the electrode surface 
from both reactants (fuels). By combining the cathodic and anodic curves together one could 
create a “virtual” cell potential for both the best case (U1) and worst case scenario (U2), and by 
considering the product with the associated current densities, the equivalent power density 
curves were calculated (Figure 8 c,d). The different current densities of the cathodic and anodic 
polarization curves were normalised by extrapolation. 
 
It is clear that the data obtained from the earlier studies does not yield the same performance as 
that obtained from the direct fuel cell experiments with the best case (U1) in Figure 8 c (1.17 µW 
cm-2 at 6.6 µA cm-2 and a cell potential of 0.18 volts) being more comparable to the worst case 
(U2) from Figure 7b (1.61 µW cm-2 at 6.25 6 µA cm-2 and a cell potential of 0.26 volts). One 
plausible explanation could be the differences in the experimental setup. The studies on the half-
cell measurements utilised a common counter electrode (platinum coil) as well as a reference 
electrode (Ag|AgCl) that could suppress the absolute potentials observed for the cathode as well 
as the anode. This difference will be strengthened at lower cell potentials supported by the fact 
that the best case scenario was 1.95 times better than the worst case in the half-cell studies 
(Figure 8) compared to that found (1.75 times) in the measurements using the electrodes in a 
fuel cell arrangement (Figure 7). 
 
Another reason is that the electrodes were subject to CV’s (from -0.5 to 0.5 V at a scan rate of 
0.01 V/s) in air saturated PBS prior to measurements in the fuel cell. This may have removed 
residual oxides that otherwise would have restricted the catalytic activity, and increasing the 
open circuit potential (OCP) of the cathode by almost 0.05 volts, suggesting an overall higher 
cell voltage in the polarization plot.  
  
Long term stability measurements were conducted for 24h in a mixed fuel environment (Figure 
9). After an initial decline for the first 4 hours, the potential stabilised for both electrode systems 
for the duration of the study. Combining these potentials generated an equivalent cell potential in 
the vicinity of 0.3 V. A more in-depth study of the electrode performances with respect to oxygen 
and glucose catalysis have previously been reported in [25] for the cathode and [51] for the 
anode. 
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4  Conclusions 
  

The separation of glucose and oxygen were successfully demonstrated by experimental 
observations yielding a power density of the glucose fuel cell package of 2.33 ± 0.11 µW cm-2 in 
a stacked fuel cell assembly. This was 1.45 times higher than that of the cell with separate 
electrodes working in a mixed fuel environment and approx. 80% of the cell operating with 
separate reactants. This proof-of-concept study demonstrates that the porous cathode with a Pd 
catalyst at the top surface do permit the flux of glucose while removing DO that would otherwise 
migrate to the Raney Pt-Ni catalyst layer at the anode surface. The results were also 
comparable (albeit better) to prior studies on electrode potentials and polarization using similar 
electrodes. The differences could be attributed to changes in the electrode arrangement 
(omitting the counter and reference electrodes) as well as the implementation of a cleaning 
protocol using CV scans prior to the measurements. 
 
Although a minimal pore diameter (dTop = 100 nm) may be the best way of maximising the 
surface area of the cathode, it will limit the supply of glucose to the anode. Since the anode is 
considered being the rate limiting factor, it was found that the larger cathode base diameter (dBot 

= 200 nm) yielded the best result. The pore diameter was therefore the governing parameter 
controlling fuel cell performance with the catalyst thickness tm acting as a minor correction factor.  
 
Future work will focus on optimising the design by exploring a method in which the porous 
cathode will be facing down towards the separator membrane. This may reduce the flux rate of 
DO, but will enhance the conduction of H+ and thus be a compromise worth exploring as long as 
the anode represents the limiting factor of the generated current density. Mass-transfer 
limitations can be enhanced by increasing the porosity of the cathode, by increasing the active 
area available for substrate diffusion, and by exploring a larger range of the cathodic pore base 
diameter dBot to find the maximum pore size before the cathode loose its oxygen scavenging 
properties. Once confident, the operating ability of the glucose fuel cell should be explored in an 
endogenous environment inside the body by focusing on the biocompatibility and the effect of 
the tissue restructuring with time around the fuel cell implant. 
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Figure legends 
 
 
Figure 1: Schematic representation of the fuel cell assembly 
 
Figure 2: (a) The model with the geometrical parameters used in the simulation. (b) The 
diffusion coefficient of glucose and DO inside the pore vs the pore diameter. 
 
Figure 3: Two experiment set up (a) U-tube cell (b) stacked fuel cell assembly, and (c) cross 
section.  
 
Figure 4: The DO flux associated with a single pore element at the cathode surface as a 
function of the original pore size (dBot) and the catalyst thickness (tm). (a) The oxygen flux at the 
inclined section of the pore wall (FIncl), and (b) the total flux (FTot) considering the combined DO 
reduction at the top surface and the inclined pore wall. 
 
Figure 5: The concentration of (a) DO and (b) glucose at the cathode-electrolyte interface 
(inside the fuel cell) as a function of pore size (dTop) and catalyst thickness (tm). Inset (i) and (ii) 
depicts the narrow concentration changes for glucose diffusing through a cathode with dBot of 
200 and 100 nm respectively. The simulation consider concentration gradients in an idealized 
case where all DO is completely reduced at the cathode surface (incl. the pore rim) and all the 
glucose is completely oxidized at the anode.  
 
 
Figure 6: The current density of (a) the cathode and (b) the anode as a function of pore size 
(dTop) and catalyst thickness (tm) of the cathode. Inset (i) and (ii) depicts the narrow changes in 
current density at the anode as a function of the cathode type used (dBot of 200 and 100 nm 
respectively) through which glucose is diffusing. The simulation consider concentration gradients 
in an idealized case where all DO is completely reduced at the cathode surface (incl. the pore 
rim) and all the glucose is completely oxidized at the anode. (c) Current densities as function of 
pore radius (dTop), oxygen concentrations (CDO) at the cathode surface and effective “bulk” 
concentrations of glucose (Cglu) inside the fuel cell. The film thickness of the cathode catalyst 
was tm= 200 nm. 
 
Figure 7: Polarizarion curves obtained from the fuel cell representing (a) the best case scenario 
(U1) with separate fuels at the anode and cathode; (b) the worst case scenario (U2) in which 
both reagents are mixed, and (c) using a stacked fuel cell assembly (U3) attempting a 
separation of the fuels in a mixed fuel environment. The error bars correspond to ± 1 std dev, n 
= 3 number of measurements. 
 
Figure 8: (a) Cathodic polarisation curves at constant 2 ppm DO in the absence and presence 
of glucose, and (b) anodic polarisation curves at constant 5 mM glucose in the absence and 
presence of DO. The corresponding cell potentials and power densities were calculated from the 
two electrode potentials considering (c) separate fuels - best case, and (d) mixed fuels - worst 
case. The data was extracted and rearranged from [25],[51] for comparison. 
 
Figure 9: Long term stability measurements combining anodic and cathodic potentials in a 
mixed fuel environment at a constant current density of 2 µA cm-2. The data was extracted and 
rearranged from [25],[51] for comparison. 
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