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voltage 
 

Sabine Alsaoub[a], Felipe Conzuelo[a], Sébastien Gounel[b,c], Nicolas Mano[b,c], Wolfgang Schuhmann*[a], 

Adrian Ruff*[a]  

 

Abstract: We report the fabrication of a polymer/enzyme based 

biosupercapacitor (BSC)/biofuel cell (BFC) hybrid device with opti-

mized cell voltage that can be switched on demand from energy 

conversion to energy storage mode. The redox polymer matrices 

used for the immobilization of the biocatalyst at the bioanode and 

biocathode act simultaneously as electron relays between the 

integrated redox enzymes and the electrode surface (BFC) and as 

pseudo-capacitive charge storing elements (BSC). Moreover, due to 

the self-charging effect based on the continuously proceeding enzy-

matic reaction, a Nernstian-shift in the pseudo-capacitive elements, 

i.e. in the redox polymers, at the individual bioelectrodes leads to a 

maximized open circuit voltage of the device in both operating 

modes. Comparison with a conventional fuel cell design, i.e. using 

redox mediators with redox potentials that are close to the potentials 

of the used redox proteins, indicates that the novel hybrid device 

shows a similar voltage output. Moreover, our results demonstrate 

that the conventional design criteria commonly used for the 

development of redox polymers for the use in biofuel cells have to be 

extended by considering the effect of a Nernstian-shift towards the 

potentials of the used biocatalysts in those pseudo-capacitive 

elements. 

Introduction 

Biofuel cells (BFCs) are energy conversion devices in which 

enzymes or microbial systems are used as bioelectrocatalysts 

that convert chemical energy (stored in chemical bonds) into 

electrical energy (electrons) by continuously oxidizing a fuel at 

the anode and reducing an oxidant at the cathode (steady state 

operation mode) [1–3]. In recent years, biosupercapacitors (BSCs) 

were presented as a new type of energy storage devices in 

which the chemical energy is first transferred into a charge 

storage matrix by means of the biocatalyst, before it is finally 

released on demand within a short burst in form of a pronounced 

current spike (pulsed operation mode).[4,5]  

For both devices, redox polymers[6] proved to be suitable immo-

bilization matrixes for the active biocatalyst (for recent examples 

on redox polymer-based BFCs and BSC, see refs. [7] and [8,9], 

respectively). In particular, in a BFC, the redox polymer matrix 

provides a highly solvated environment due to its hydrogel pro-

perties. At the same time it ensures electrical wiring of the redox 

active biocatalyst by mediated electron transfer (MET).[1–3] In a 

BSC, the redox polymer acts simultaneously as a pseudo-capa-

citive element and hence as the charge storing matrix, which is 

oxidized/reduced by the proceeding enzymatic reaction under 

turnover conditions and at open circuit.[5] The driving force for 

this self-charging process is due to the potential difference bet-

ween the redox active biocatalyst and the used pseudo-capaci-

tive element.[5] In some cases also light can be used as a trigger 

for this process.[10] 

The conventional design of a BFC involves the use of a redox 

polymer with a mid-point redox potential (E) that is close to the 

redox potential of the biocatalyst to ensure a minimum overpo-

tential to drive the enzymatic reaction and thus minimizing los-

ses in OCV (Figure 1a).[1–3,11] However, in this configuration the 

device is a poor BSC due to the low driving force that is provided 

to change the ox-to-red ratio in the pseudo-capacitive ele-

ment.[12,13] Consequently, according to the Nernst equation (eq. 

1) only a slight Nernst-shift that depends on the ratio aox/ared 

provided no parasitic discharge by leakage currents will occur.[12] 

E = E0 + RT/nF ln(aox/ared)  (1) 

 

(where aox and ared are the activity of the oxidized, and the re-

duced species, respectively; E0 = formal potential and R, T, n 

and F have their usually meaning). In the capacitor mode the 

gap between the redox potentials of the redox polymer and the 

enzyme must be large to ensure an effective charging of the 

polymer as it was demonstrated for the first intrinsic BSC in 

which Eanode > Ecathode in the non-charged state and Eanode < 
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Ecathode in the charged state (Figure 1b).[13] In this configuration, a 

BFC would not produce an effective OCV and, thus, this device 

can only act as a BSC. However, recently, we demonstrated that 

this Nernstian shift does not only occur in BSC devices but also 

affects the potential of pseudo-capacitive electrodes in BFCs, 

provided that Emediator significantly differs from Ebiocatalyst.
[11] Con-

sequently, the observed OCV of a BFC equipped with a poly-

mer/glucose oxidase (GOx) based bioanode operating in a MET 

regime (pseudo-capacitive electrode) and bilirubin oxidase 

(BOx) based biocathode operating in a direct electron transfer 

(DET) regime was effectively larger (500 mV) than the expected 

value (300 mV) determined as the potential difference between 

redox mediator at the bioanode (≈+200 mV vs. Ag/AgCl/3 M 

KCl) and the visible onset for O2 reduction at the biocathode 

(≈+500 mV vs. Ag/AgCl/3 M KCl).[11] A similar effect was ob-

served when the same redox polymer was used at the bioanode 

and biocathode (effective OCV of ≈400 mV).[9,11] Evidently, in 

both cases, i.e. in BFC and in BSC mode, the performance of 

the device will be affected by the degree of the shift of the redox 

potential in the pseudo-capacitive elements.[14,15] Thus, a combi-

nation of both systems in a hybrid device solely based on pseu-

do-capacitive polymer/enzyme electrodes should be possible 

and should ensure high operating voltages in energy conversion 

(BFC) as well as in energy storage (BSC) mode by using redox 

polymers with adapted potentials[14], that is, potentials that signi-

ficantly differ from the potentials of the corresponding enzyme 

but still ensure a substantial voltage difference in a classical fuel 

cell scheme (Figure 1c). We want to emphasize that in any of 

these three cases the OCV will always be below the theoretical 

thermodynamic limit that is based on the potentials of the 

fuel/oxidant since the catalyst itself requires a certain overpoten-

tial (η in Figure 1) to drive the oxidation/reduction of the fuel/oxi-

dant. Consequently, in a catalytic reaction the potential diffe-

rence between (bio)catalysts used at anode and cathode reflects 

the intrinsic limit of the OCV for the assembled (bio-)fuel cell. 

 

Here, we report the fabrication of a BFC/BSC hybrid device fully 

based on redox polymer/enzyme electrodes, providing a pro-

nounced OCV in both operating modes by adapting the redox 

potentials of the pseudo-capacitive elements, i.e. the redox poly-

mers used for the bioanode and the biocathode, by careful se-

lection of appropriate mediator species with fine-tuned potentials.  

Figure 1. Schematic illustration of the redox potentials involved in a classical 

BFC (a), in an intrinsic BSC (b) and in the proposed BFC/BSC hybrid device 

(c). Panode and Pcathode indicate the redox potentials of the redox polymers used 

for wiring of the anodic and cathodic biocatalyst; η indicates the overpotential 

that the catalyst requires to convert the fuel/oxidant that are ≈300 mV for 

GOx/glucose and ≈130 mV for BOx/O2. The gap between the potentials of the 

fuel and oxidant represents the thermodynamic limit of the OCV for the corres-

ponding system. Blue arrows indicate the resulting OCV; red and green arrows 

indicate the Nernst shift under turnover conditions that is induced by the en-

zyme driven self-charging process of the pseudo-capacitive elements, i.e. the 

redox polymers. As biocatalysts for the hybrid device glucose oxidase (GOx) 

and bilirubin oxidase (BOx) were employed. P1anode and P2cathdoe represent the 

low and high potential polymer poly(1-vinylimidazole-co-allylamine)-[Os(dmxy-

bpy)2Cl]
2+

 and poly(1-vinylimidazole-co-[2-(methacryloyloxy)ethyl]trimethylam-

monium chloride)-[Os(bpy)2Cl]
+
, respectively. FAD/FADH2 = flavin adenine di-

nucleotide redox couple. Cu
+
/Cu

2+
 = redox couple in the T1 cluster in BOx. 

Potential shifts are not drawn to scale. 

Results and Discussion 

BFC-BSC hybrid device - Concept 

To ensure the operational functionality of a hybrid device, a 

careful selection of the redox polymers for a given set of biocata-

lysts for the anodic (conversion of fuel) and the cathodic (con-

version of the oxidant) reaction has to be made: (i) to ensure a 

high driving force to induce an effective Nernst-shift and by this 

to establish a high OCV in a BSC device the potential difference 
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between the biocatalyst and the corresponding redox polymer 

matrix has to be large and (ii), the potential gap between the 

redox polymer for the anode an the cathode has to be significant 

to ensure a considerably large OCV in the BFC mode that can 

be further enhanced during turnover by inducing a Nernstian 

shift in a corresponding pseudo-capacitive electrode[11] (Figure 

1c). Evidently, a careful adaption of the potential of the immobi-

lization matrices is prerequisite for a pronounced performance of 

the device in terms of maximized OCV values. 

As biocatalysts for the bioanode and biocathode we selected the 

robust and highly active enzymes GOx from Aspergillus niger 

(commercial source) and BOx from Bacillus pumilus[16], respec-

tively. The potential of the FAD unit in GOx is located at around 

≈ -300 mV vs. Ag/AgCl/3 M KCl [17] that is around 300 mV more 

positive than the thermodynamic potential of the redox couple 

glucose/glucono-1,5-lactone (≈ -600 mV vs. Ag/AgCl/3 M KCl, 

[18,19] thermodynamic anode potential). The redox potential of 

BOx at pH 7 is expected to be at around ≈ +450 mV vs. 

Ag/AgCl/3 M KCl [16,20] and thus ≈130 mV more negative than the 

O2/H2O couple (+580 mV vs. Ag/AgCl/3 M KCl,[18,19] thermodyna-

mic cathode potential). Assuming an effective Nernstian shift 

during charging under turnover of around Δ = 200 mV,[11,12] 

redox polymers with potentials of ≈ 0 mV (bioanode) and ≈+200 

mV (biocathode) are desired. This would lead to a theoretical 

OCV of the BFC of around 200 mV neglecting charging effects. 

In the following, the low and high potential polymers will be 

designated as P1 and P2, respectively.  

Synthesis of redox polymers: P1 and P2 

Os-complex modified polymers were used as electron relays for 

various enzymes and also proved to be suitable to act as charge 

storing matrix in BSCs.[9,12,13] Moreover, a rational ligand design 

for the polymer bound Os-complexes allows fine tuning of the 

redox potential, e.g. by introduction of electron-withdrawing (shift 

to more positive potentials) or electron-donating groups (shift to 

more negative potentials) into the ligand sphere.[21]  

For the synthesis of the low potential polymer P1 we used the 

Os-complex precursor [Os(dmxy-bpy)2Cl2]Cl which was synthe-

sized by replacing four of the Cl-ligands in [Os(IV)Cl6]
2- with two 

bidentate dimethoxy-substituted bipyridine (dmxy-bpy) ligands in 

ethylene glycol at elevated temperatures (Scheme 1a).[22] During 

synthesis, the solvent ethylene glycol acts as reducing agent 

and ensures the formation of the Os(III)-species[23] (note that 

due to the low redox potential the Os-complex cannot be iso-

lated as the Os(II) species under the given conditions and 

reduction stops at Os(III) species). The two electron-donating 

dimethoxy-groups at the bpy-core ensure a low potential of the 

Os(III)-complex (E ≈ -270 mV vs. Ag/ AgCl/3 M KCl, Figure S1a).  

Complexation of [Os(dmxy-bpy)2Cl2]Cl to poly(1-vinylimidazole-

co-allylamine) (P(VI-AA)) in refluxing methanol gave rise to the 

low potential polymer poly(1-vinylimidazole-co-allyamine)-

[Os(dmxy-bpy)2Cl]2+, P1 (Scheme 1b) that reveals a redox po-

tential of -40 mV vs. Ag/ AgCl 3 M KCl) (Figure S1d), which is 

close to the desired value of 0 V. The use of a rather moderate 

temperature for the synthesis of this polymer seems to be of par-

ticular importance. Analogous reactions in refluxing ethanol 

(higher boiling point than methanol) showed the formation of un-

defined side products evidenced by an additional peak at more 

positive potentials in cyclic voltammograms measured with drop 

cast films. However, the complexation rate was much lower at 

these temperatures and an extensive work up (size exclusion 

chromatography using a Sephadex column) to remove the re-

maining [Os(dmxy-bpy)2Cl2]
+ was required.  

The positively charged polymer should enhance interactions with 

the predominantly negatively charged surface of GOx.[24] More-

over, the primary amino groups in P1 (and also amino surface 

groups in GOx) can be reacted with the bifunctional crosslinker 

poly(ethylene glycol) diglycidyl ether (PEGDGE) to ensure stable 

polymer/enzyme composite films. 

For the high potential polymer P2, the Os-complex precursor 

Os(II)(bpy)2Cl2, that contains two bidentate bpy-cores (intro-

duced in ethylene glycol at elevated temperatures, Scheme 1a), 

was bound to poly(1-vinylimidazole-co-[2-(methacryloyloxy)ethyl] 

trimethylammonium chloride)) (P(VI-MADQUAT)) in refluxing 

ethanol via a ligand exchange reaction (Scheme 1c). The ab-

sence of electron donating groups at the bpy-cores in 

Os(II)(bpy)2Cl2 ensure the formation of a high potential Os(II)-

complex precursor (E = +30 mV vs. Ag/AgCl/3 M KCl, Figure 

S1b). The potential of the polymer bound complex is further shif-

ted to more positive values due to the replacement of one Cl-

ligand (strong electron-donor) by an imidazole unit of the back-

bone to +190 mV vs. Ag/AgCl/3 M KCl (Figure S1e). Again, this 

value is close to the envisaged redox potential of +200 mV. In 

analogy to the P1/GOx system, the positively charged polymer 

P2 should facilitate an intimate contact with the predominantly 

negatively charged BOx surface.  

We want to emphasize that all results obtained from the electro-

chemical (Figure S1) and UV-vis spectroscopic (Figure S2) cha-
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racterization of the free Os-complex precursors [Os(III)(dmxy-

bpy)2Cl2]Cl and Os(II)(bpy)2Cl2 as well as of the redox polymers 

P1 and P2 are consistent with the proposed molecular structures 

depicted in Scheme 1. 

 

P1/GOx- and P2/BOx-based bioelectrodes  

The biocatalytic activities of the drop cast redox polymer/enzyme 

films P1/GOx and P2/BOx on graphite electrodes and cross-

linked with PEGDGE were investigated by means of cyclic vol-

tammetry in phosphate buffer (PB) at pH 7.3 (Figure 2) in ab-

sence (black traces) and the presence of substrate (red traces). 

The half-wave potential of the anodic and cathodic catalytic 

wave matches nicely the redox potential of P1 (Figure 2a) and 

P2 (Figure 2b), respectively. Hence, we conclude that the redox 

proteins are wired via a MET regime to the electrode surface 

(note that in contrast to the pristine polymer film measured in 

aqueous KCl and on glassy carbon electrodes the potentials of 

the redox polymers on graphite electrodes and in combination 

with the enzyme, crosslinker and in PB were slightly shifted to 

more positive values: P1/GOx: 0 mV, P2/BOx: +200 mV). 

The pronounced catalytic response under turnover conditions 

(maximum absolute current densities J: P1/GOx: J ≈ 65 µA cm
-2

; 

P2/BOx: J ≈ 150 µA cm
-2

; red traces in Figure 2) confirm good 

interactions between the biocatalysts and the specifically designed 

polymers. Moreover, it can be anticipated that also the high 

thermodynamic driving force based on the large potential difference 

between the enzyme and the corresponding polymer significantly 

contributes to a productive MET process.  

 

Biosupercapacitor mode – energy storage 

The performance of the P1/GOx//P2/BOx hybrid device in BSC 

mode was investigated by analyzing the course of the potential 

of the individual bioelectrodes mounted in a two-compartment 

cell in the presence and absence of the substrates (Figure 3a). 

Both electrodes show a rather steep shift in potentials upon the 

addition of O2 (air purge, biocathode, red trace, t = 110 s) and 

0.1 M glucose (bioanode, black trace, t = 660 s) indicating a fast 

charging of the pseudo-capacitive element by the enzymatic 

reaction, i.e. the transformation of Os(III) species at the bio-

anode into Os(II) moieties and transformation of Os(II) species 

at the biocathode to Os(III) moieties. This fast charging process 

is achieved because of fast enzyme kinetics and sufficient mass 

transport of the substrate towards the electrode and is driven by 

a substantial potential difference between the midpoint potential 

of the redox polymer and the redox potential of the enzyme that 

ensures a high driving force. 

 

 

Scheme 1. Synthesis of the Os-complex precursors [Os(III)(dmxy-bpy)2Cl2]Cl 

(R = -OMe) and Os(II)(bpy)2Cl2 (R = -H) (a) and the low (b) and high (c) 

potential polymer P1 (poly(1-vinylimidazole-co-allylamine))-[Os(dmxy-

bpy)2Cl]
2+

) and P2 (poly(1-vinylimidazole-co-[2-(methacryloyloxy)-

ethyl]trimethylammonium chloride)-[Os(bpy)2Cl]
+
). The Os-complex precursors 

(a) were synthesized by reacting two equivalents of the corresponding 

bidentate ligand with one equivalent of (NH4)2OsCl6 in hot ethylene glycol. 

Attachment of the complexes to the polymer backbone was achieved in 

refluxing methanol (P1, b) or ethanol (P2, c) by substituting one of the chloro 

ligands in the precursor with a single imidazole unit within the polymer 

backbone. The lower boiling point of methanol in the synthesis of P1 avoids 

the formation of an undesired electroactive by-product that was formed at 

higher temperature. 

The slight drift in OCP before substrate addition might be in-

duced by traces of oxygen (note that prior to the OCP measure-

ments the electrodes were polarized at the midpoint potential of 

the corresponding redox polymer to ensure aox/ared = 1 at t = 0 s). 

In case of the biocathode, O2 traces will invoke the enzymatic 

reaction and electrons are extracted from the polymer matrix by 

the turn-over of the enzyme with the concomitant increase in 
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electrode potential. The reduced low potential polymer P1 at the 

bioanode is most likely re-oxidized by O2 traces and thus the 

OCP is slightly increasing for t < 660 s (note that Os-complexes 

with E < +70 mV vs. Ag/AgCl/3 M KCl can act as catalysts for 

the oxygen reduction reaction[25]). Nevertheless, the change in 

OCP after the addition of the substrate is much more pro-

nounced and reaches a steady state within a short time scale. 

Both OCP values were shifted by about Δ = 200 mV reaching 

≈+420 mV vs. Ag/AgCl/3 M KCl at the biocathode and ≈-180 mV 

vs. Ag/AgCl/3 M KCl at the bioanode, resulting in a remarkably 

high OCV of 600 mV. We want to emphasize again that the 

potential of both electrodes only depends on the ox-to-red ratio 

of the polymer-bound redox couples within the pseudo-capaci-

tive element. The degree of potential shift depends on the poten-

tial difference between the enzyme and the redox mediator that 

ensures a high driving force even in the charged state that is 

indeed the case for the P1/GOx and P2/BOx couples in the pro-

posed hybrid device. However, the rate of charging depends on 

the enzyme kinetics and substrate mass transport. For both 

electrodes charging seems to be fast (within s, Figure 3b), which 

is crucial for a proper operation in pulse mode (BSC configu-

ration, multiple charge/discharge cycles).   

 

Applying a constant load of 10 kΩ at t = 1970 s leads to a fast 

discharge of the device and the potential values of the individual 

electrodes reach their initial values again. At open circuit (t = 

2070 s) the charging process is visible again. 

The ability to store charges over a longer period was tested by 

transferring the charged electrodes into substrate free electrolyte. 

Only a slight change of the OCP values was observed within 

≈4000 s (Figure S3). Moreover, multiple charge/discharge cycles 

can be performed without a significant decrease of the resulting 

OCV and current output of the device over a period of 14 h 

(Figures 3b and c, Figure S4). The shape of the decay of the 

current spike by applying a constant load (Figure 3c) strongly 

suggests a diffusion controlled discharging process (diffusion of 

counterions in/out of the film) that follows a Cottrell-type beha-

vior (I ~ t-1/2). This behavior is in line with previously reported re-

sults on polymer/enzyme based BSCs.[13] The maximum current 

spike during a discharge cycle (absolute current value at the 

beginning of the discharging process) was about ≈35 µA (≈357 

µA cm-2). 

 

 

Figure 2. Cyclic voltammetric characterization in 0.1 M phosphate buffer at pH 

7.3 of P1/GOx/PEGDGE (a) and P2/BOx/PEGDGE (b) films deposited on 

graphite electrodes (d = 6 mm) via a drop-cast process in the absence (black 

curves) and in the presence of substrates (red curves, a): 0.1 M glucose, b): 

air-purge; potential cycles were recorded at scan rates of 2 mV s
-1

 (a) and 5 

mV s
-1 

(b). Specific polymer and enzyme loadings a): P1 = 536 µg cm
-2

; GOx = 

214 µg cm
-2

; b) P2 = 536 µg cm
-2

; BOx = 580 µg cm
-2

. The shape of the I-E 

curve at E < 0.15 V under turnover conditions in b) is attributed to mass 

transport fluctuations induced by air purging. 

Biofuel cell mode – energy conversion 

From the potential difference of the used redox relays for the 

bioanode (-40 mV vs. Ag/AgCl/3 M KCl) and the biocathode 

(+190 mV vs. Ag/AgCl/3 M KCl) a theoretical OCV of 230 mV 

could be expected when the hybrid device is operated in biofuel 

cell mode. However, under operation conditions the OCV of the 

P1/GOx//P2BOx-based BFC as measured in a two-compartment 

configuration was (580 ± 40) mV (determined from three inde-

pendent experiments) that is considerably higher than the ex-

pected value but of course lower than the thermodynamic limit 

(≈1.18 V) given by the potential difference of the fuel (gluco-

se/gluconolactone) and oxidant (O2/H2O).[18,26] Moreover, the 
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value is consistent with the value obtained for the BSC (Figure 

3a). Thus, we conclude that the Nernstian-shift that occurs for 

both electrodes indeed enhances the experimental OCV value 

even in BFC mode.  

The maximum power density (P) and maximum J-values were 

derived to be (7 ± 3) μW cm-2 at 250 mV and (43 ± 9) µA cm-2, 

respectively (values were calculated from 3 independent mea-

surements, Figure 4a). The operational stability in BFC mode 

was evaluated by applying a constant voltage of +250 mV bet-

ween the bioelectrodes corresponding to the voltage at which 

the maximum power output was obtained. After an initial current 

drop, most likely due to loss of charges accumulated under 

turnover at open circuit, the current output remains rather stable 

(Figure 4b). Only a slight decrease from ≈20 µA cm-2 to ≈16 µA 

cm-2 was observed over a period of 3.5 h.  

 

Figure 3. Characterization of the BSC of the hybrid device in a two-compart-

ment configuration. a) Course of the potentials of the P1/GOx/PEGDGE (black 

line) and P2/BOx/PEGDGE (red line) electrodes during the self-charging pro-

cess (t < 1970 s) and during discharge/charge process (t > 1970 s). The 

pseudo-capacitive electrodes were first charged by adding the corresponding 

substrate: bioanode compartment: glucose (0.1 M), t = 660 s; biocathode 

compartment: O2 (air purge), t = 110 s. The capacitor was discharged at a 

constant load of 10 kΩ at t = 1970 s. When removing the load (t = 2070 s) the 

self-charging process is again observed. Voltage (b) and current (c) response 

during multiple charge/discharge cycles. Discharge was conducted at a 

constant load of 10 kΩ. Specific polymer and enzyme loadings: P1 = 2143 µg 

cm
-2

; GOx = 214 µg cm
-2

; P2 = 536 µg cm
-2

; BOx = 580 µg cm
-2

. Working 

electrolyte: 0.1 M PB, pH 7.3. Anode compartment was argon flushed.  

 

Figure 4. Characterization of the BFC performance of the hybrid device. a) 

Average power density (P, blue) and current density (J, red) values as a func-

tion of applied voltage (from 3 independent experiments). Maximum power 

density ≈7.3 µW cm
-2

 was reached at 250 mV; lines are guidance for eyes only. 

b) Operational stability at an applied voltage of 250 mV. After an initial drop 

the current remains rather stable within the time scale of the experiment 

indicating the good stability of the polymer/enzyme electrodes in the hybrid 

device. Experiments were conducted in a two-compartment cell; working elec-

trolyte: 0.1 M PB, pH 7.3; anode compartment: argon atmosphere, 0.1 M 

glucose; cathode compartment: air saturated buffer. Specific polymer and 

enzyme loadings: P1 = 2143 µg cm
-2

; GOx = 214 µg cm
-2

; P2 = 536 µg cm
-2

; 

BOx = 580 µg cm
-2

.  

For comparative purposes and to demonstrate the effect of the 

Nernstian shift on the OCV value, we constructed a BFC based 

on an O2-insensitive pyrroloquinoline quinone-dependent glu-

cose dehydrogenase (PQQ-GDH, bioanode) and again a BOx 

(biocathode) that were wired via the redox polymers P1 (Figure 

S5a) and the high potential polymer P3 (Figure S5b), i.e. poly(1-

vinylimidazole-co-allyamine)-[Os(diCl-bpy)2Cl)]+ (Scheme S1), 

respectively. P3 bears a high potential Os-complex that is equip-

ped with Cl-substituted bpy ligands that ensure a strong electron 

withdrawing effect on the Os-center and thus a high redox 

potential for the Os-complex precursor Os(diCl-bpy)2Cl2 (E = 
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+170 mV vs. Ag/AgCl/3 M KCl, Figure S1c). Attachment of this 

Os-complex precursor to the P(VI-AA) backbone, leads to the 

high potential redox polymer P3 that reveals a redox potential of 

E = +420 mV vs. Ag/AgCl/3 M KCl (Figure S1f). This value is 

close to the value of the cathodic biocatalyst BOx (≈+450 mV vs. 

Ag/AgCl/3 M KCl at pH 7). Thus, we expect only little charging 

due to a reduced thermodynamic driving force for the self-char-

ging process at the biocathode. In addition, the PQQ co-factor in 

PQQ-GDH shows a redox potential of around ≈ -150 mV vs. 

Ag/AgCl/3 M KCl [27] that is close to the redox potential of 

polymer P1 (-40 mV vs. Ag/AgCl/3 M KCl). Hence, the charging 

at the bioanode is also hampered by a lower driving force. Con-

sequently, in this rather classical fuel cell design the experimen-

tal OCV value should be closer to the theoretical value of 460 

mV with only a minor contribution of charging. Indeed, the OCV 

value measured under operational conditions in a one-compart-

ment cell (note that in this case the Ohmic losses should be 

much smaller compared to the two-compartment cell and should 

even further enhance the OCV value compared to the two-

compartment system) was (600   10) mV. Evidently, also in the 

P1/PQQ-GDH//P3/BOx system a Nernstian-shift is contributing 

to an enhanced OCV value, however it is significantly less pro-

nounced (enhancement by 140 mV, which is almost the maxi-

mum considering the redox potentials of the used enzymes 

which reflects an intrinsic limit for the charging process) com-

pared to the P1/GOx//P2/BOx based hybrid device (enhance-

ment by 470 mV, shift of Δ = ± 200 mV in both directions, see 

also Figure 3a). Evidently, for a good performing hybrid device 

the selection of the biocatalyst and/or polymer to ensure enough 

potential difference between the enzyme and the redox relay is 

of particular importance. 

The voltage at that the maximum power density ((4 ± 1) µW cm-2 

at) in the P1/PQQ-GDH//P3/BOx BFC was reached was estima-

ted to be 300 mV (see Figure S6 for a representative power 

curve). This value is only somewhat higher than the one of the 

hybrid device (250 mV). Thus, our results nicely show that it is 

indeed possible to build a BSC/BFC hybrid device providing an 

efficient performance and with an optimized OCV. 

The lower power density of the classical BFC assembly is attri-

buted to the poorly performing P3/BOx biocathode (Figure S5b), 

that shows substantial lower currents than the P2/BOx bioca-

thode (Figure 2b), most likely due to a reduced thermodynamic 

driving force based on the small potential gap between P3 and 

BOx.  

Conclusions 

The proposed concept provides access to a BFC/BSC hybrid 

device with optimized operational voltage in both operating 

modes. The hybrid system was equipped with pseudo-capacitive 

elements, i.e. redox polymers with adapted potentials, at the bio-

anode and biocathode that ensured a significant Nernstian-shift 

at both electrodes under turnover conditions and thus ensured a 

maximized OCV of the device. Our results clearly demonstrate 

that the rational design of the electron relay matrix and the 

careful selection of the biocatalyst leads to biodevices with multi-

functional properties that can be used as energy conversion or 

energy storage device on demand. Moreover, the performance 

of the hybrid device in BFC mode is similar to the properties 

measured with a rather classical fuel cell design.   

It can be anticipated that the proposed concept opens new de-

sign strategies for the fabrication of high performance bioelectro-

chemical systems that might be not accessible by following 

conventional approaches. This might include the design of sui-

table polymer matrixes that ensure higher film stability by intro-

duction of highly efficient/reactive crosslinking capabilities or the 

additional functionalities by the incorporation of specific functio-

nal groups (e.g. thermo- or pH-responsive groups) to the poly-

mer backbone which would otherwise not be possible or strongly 

hampered if one is limited to a certain type of mediator with a 

fixed potential. Moreover, by further controlling the density of 

redox sites within the pseudocapacitive elements, i.e. number of 

redox centers attached to the polymer backbone, by a controlled 

and carefully conducted synthesis, not only the operational vol-

tage but also the current output as well as the capacitance of 

such hybrid devices can be controlled in a straightforward way.  

Experimental Section 

Materials and Methods 

All chemicals, materials and solvents were purchased from Sigma-

Aldrich, Merck, TCI, Alfa-Aesar, Acros Organics, VWR and J.T. Baker 

and were used as received except otherwise noted. Deuterated solvents 

were purchased from Deutero and Euriso-top and were stored at 4 °C 

(DMSO-d6 was stored at room temperature). The aqueous solutions were 

prepared by using deionized water that was prepared with a Milli-Q 

system from Millipore.  

NMR experiments were conducted at room temperature with a Bruker 

DPX-200 spectrometer with a 1H resonance frequency of 200.13 MHz or 

with a DPX-400 spectrometer with a 1H resonance frequency of 400.13 

MHz. Chemical shifts were referenced to the residual solvent peak and 
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are reported in ppm. UV-Vis absorption measurements were recorded 

using a 60 UV-Vis spectrophotometer from Agilent Technology using 

quartz cuvettes with an optical path length of 1 cm. 

Redox polymers 

The polymer backbone poly(1-vinylimidazole-co-allylamine) P(VI-AA) and 

the Os-complex precursor Os(bpy)2Cl2 were prepared following proce-

dures described in [11]. The polymer backbone poly(1-vinylimidazole-co-

[2-(methacryloyloxy)ethyl]trimethylammonium chloride) P(VI-MADQUAT) 

was synthesized according to previously described procedures [13]. The 

detailed synthesis and characterizations of [Os(III)(dmxy-bpy)2Cl2]Cl, 

Os(II)(diCl-bpy)2Cl2, P1, P2 and P3 can be found in the Supporting 

Information. 

Enzymes 

Glucose oxidase (GOx) from Aspergillus niger (type X-S, lyophilized 

powder, 100,000–250,000 units g-1) was purchased from Sigma–Aldrich 

and stored at -20 °C. The enzyme solution was prepared in a concen-

tration of 20 mg ml-1 in phosphate buffer (pH 7.3). Bilirubin oxidase (BOx) 

from Bacillus pumilus in 50 mM borate buffer (pH 9) with a protein 

concentration of 54.75 mg mL-1 (determined in 1 mM 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid (ABTS) in 50 mM citrate/phos-

phate buffer, pH 4) and an activity of 713 units mg-1 was obtained as 

recently described.[28] The apo enzyme of pyrroloquinoline quinone-de-

pendent glucose dehydrogenase (PQQ-GDH) form Acinetobacter calco-

aceticus (Mut-Q-GDH2 mutant of the native GDH) was a gift from Roche 

Diagnostics, Penzberg/Germany. Reconstitution was conducted as fol-

lows: to a PQQ solution (520 µM) in HEPES buffer (80 µL, 10 mM, 

pH 7.0) CaCl2 was added (1.76 mg, 150 mM) followed by the addition of 

the solid GDH (2.16 mg). Reconstitution was completed after 30 minutes 

at room temperature in the dark. The PQQ-GDH solution was stored at 

4 °C in the dark. The concentration of the PQQ-GDH was estimated to be 

25 mg mL-1 assuming a quantitative complexation of PQQ to the protein.  

Preparation of the polymer/enzyme electrodes 
The bioelectrodes were prepared by drop casting the corresponding 

polymer, enzyme and poly(ethylene glycol) diglycidyl ether (PEGDGE, 

crosslinker) mixtures (mixed with a Vortex mixer) onto graphite elec-

trodes with a nominal diameter of 6 mm (A = 0.28 cm2). The electrodes 

were dried for several hours at room temperature or at 4 °C. 

Bioanodes. For the P1/GOx/PEGDGE bioanode P1 (60 mg mL-1 in water), 

GOx (20 mg mL-1 in PB, pH 7.3) and PEGDGE (0.0114 mg mL-1 in water) 

were mixed in a volumetric ratio of 10:3:2 and drop cast onto the graphite 

working electrodes. For the P1/PQQ-GDH bioanodes P1 (38 mg mL-1 in 

water) and PQQ-GDH (25 mg mL-1 in HEPES buffer) were mixed in a 

volumetric ratio of 2:1 and drop cast onto the electrode surface.  

Biocathodes. For the preparation of the P2/BOx/PEGDGE biocathodes 

the polymer P2 (15 mg mL-1 in water), BOx (54.75 mg mL-1) and 

PEGDGE (0.0114 mg mL-1 in water) were mixed in a volumetric ratio of 

10:3:2 and drop cast onto graphite electrodes. The P3/BOx biocathodes 

were prepared by mixing P3 (7 mg mL-1 in water) and BOx (54.75 mg ml-

1) in a volumetric ratio of 10:1 and drop cast onto the electrode surface. 

Electrochemical measurements 
Cyclic voltammetric experiments were performed at room temperature 

with an Autolab FRA2 µAutolab Type III potentiostat from Metrohm in a 

one-compartment three-electrode cell under argon or ambient atmos-

phere (see text). A Pt wire with 1 mm diameter was used as the counter 

electrode. For the reference electrode an Ag/ AgCl/3 M KCl system was 

employed. As working electrodes, graphite electrodes (GEs) with 

diameters of 6 mm (geometrical surface area A = 0.28 cm2) or glassy 

carbon electrodes with a nominal diameter of 3 mm (A= 0.07 cm2) were 

used. As electrolyte solutions either aqueous KCl solution or phosphate 

buffer (pH 7.3) were used. Depending on the experiment, the electrolyte 

was purged with the corresponding gas to ensure saturation 

concentrations. The capacitor tests were conducted in a two-compart-

ment cell separated by a Nafion membrane with a two-electrode setup. 

Pre-conditioning of the redox polymers was done in a four-electrode 

configuration in the same cell. The measurements were carried out with a 

bi-potentiostat (PGU-BI 100, IPS-Jaissle Electronik). The capacitor-setup 

was described in detail in [12]. Biofuel cell measurements were carried out 

in a two-electrode configuration in a one or a two-compartment cell. The 

BFC measurements were recorded following a procedure reported in [29]. 

The power curve of the BFC was obtained by applying potential pulses 

starting from the measured OCV. Steady state currents were used for the 

calculation of the power curve. All BSC and BFC measurements were 

performed at room temperature in 0.1 M phosphate buffer at pH 7.3. The 

open circuit values were determined from the extrapolation of the power 

curve at y = 0. 
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