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Figure 1: (a) Milestones of biofuel cell technology. Reproduced from Ref. 10 with 

permission from The Royal Society of Chemistry, Copyright 2011. (b) Classification of 

biofuel cells and biocatalyst immobilization technologies. Reproduced from Ref. 2. with 

permission from The Royal Society of Chemistry, Copyright 2012. 
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Figure 2: (a) The configuration of an enzymatic BFC consisting of a bioanode and 

a biocathode. Reproduced from Ref. 23 with permission from American Chemical Society, 

Copyright 2019. (b) Methods for immobilization of an enzyme on an electrode. 

Reproduced from Ref. 35 with permission from The Royal Society of Chemistry, Copyright 

2019. (c) Direct and mediated electron transfer events on an electrode. (d) An enzymatic 

BFC utilizing a mediated bioanode and a direct electron transfer-based biocathode. 

Reproduced from Ref. 44 with permission from Elsevier, Copyright 2016. (e) A mediated 

BFC which contains Osmium complexes as redox mediators. All potentials specified vs. 

SHE (i.e., standard hydrogen electrode). Adapted from Ref. 42 with permission from 

American Chemical Society, Copyright 2004. 
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Figure 3: BFC figures of merit (a) Current vs. voltage characteristics of the anode and 

cathode with the oxidation and reduction events therein the BFC performance (maximum 

current density of each electrode, their potential losses, the open-circuit voltage). (b) 

Polarization curve with the respective OCV (current = 0) and short circuit current (V = 0). 

The theoretical cell voltage is higher than the actual OCV. The three types of losses that 

lower the OCV are kinetic, ohmic, and mass transport losses. (c) A typical BFC power 

curve with the maximum power output noted. The measured OCV can be extracted from 

this power density profile or the polarization curve in b).  
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Figure 4: (a) Graphical illustration of charge transport of π-conjugated polymers, redox 

polymers, and π-conjugated redox polymers (top) alongside the molecular structures of 

the nonconjugated and the π-conjugated n-type redox-polymer (bottom). Reproduced 

from Ref. 63 with permission from the American Chemical Society, Copyright 2015. 

Further permissions related to the material excerpted should be directed to the American 

Chemical Society. (b) Classification and chemical structure of representative redox-active 

polymers and redox-active pendant groups. Reproduced from Ref. 61 with permission 

(b)

(a)



from Elsevier, Copyright 2017. PANI: Polyaniline; PEDOT: poly(3,4-

ethylenedioxythiophene); Ppy: Polypyrrole; PEDOT:PSS: poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate); PA: polyacetylene; PI: poly(indole); P-

p-P: poly(p-phenylene); Poly(S-r-DIB) copolymer: poly(sulfur-random-(1,3-

diisopropenylbenzene).  

 

  



 

 
 

Figure 5: (a) The electrochemical operation of metal electrodes coated with conducting 
polymers. The conjugated polymer films may show CVs comprising capacitive and 
Faradaic components. Reproduced from Ref. 66 with permission pending from American 
Association for the Advancement of Science, Copyright 2019. (b) Proposed reduction 
pathways of the n-type semiconducting polymer poly{[N,N′-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis (dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene), P(NDI2OD-
T2), and (c) its cyclic voltammogram recorded in 0.1 M NBu4PF6/MeCN. Reproduced 
from Ref. 68 with permission from American Chemical Society, Copyright 2015. 
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Figure 6: Reversible oxidation/reduction potential of common redox couples found in 

redox polymers. Potential values are taken from Li/Li+ reference electrode and changed 

to Ag/AgCl (Li/Li+ is −3.26 V vs. Ag/AgCl). Reproduced from Ref. 57 with permission from 

Elsevier, Copyright 2016. 

 
 
 
 
 
 
 
 



 
 

 
Figure 7. (a) The two fundamental electron transfer involving reactions taking place at 
the bioelectrodes of a glucose/O2 BFC. Reproduced from Ref. 87 with permission from 
Elsevier, Copyright 2014.  (b) Chemical structures of natural redox cofactors and their 
redox behaviour. Reproduced from Ref. 20 with permission from Wiley, Copyright 2019. 
(c) Schematic illustrations showing different strategies used in the electrical wiring of 
enzymes and electrodes: i) the use of solubilized redox (R) units, ii) covalent attachment 
of the redox units to the exterior shell of the enzyme, iii) immobilization of the enzymes in 
redox‐functionalized polymeric matrices, and iv)  the enzyme linked to a redox unit‐
functionalized electrode surface. Adapted from Ref. 88 with permission from Wiley, 
Copyright 2009. (d) Schematic of a redox polymer-based enzyme electrode. The redox 
polymer is a hydrogel that provides a solvated environment for the embedded enzyme 
and serves as an electron relay matrix for the electrical wiring of the enzyme. Electron 
transport (red arrows) within the hydrogel film is based on self-exchange reactions 
between adjacent mediator species. Flexible linkers ensure high mobility of the tethered 
mediator species and favor self-exchange reactions. The oxidized/reduced species can 
come into close contact, and as such, self-exchange occurs more easily. Reproduced 
from Ref. 54 with permission from Elsevier, Copyright 2017.  
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Figure 8: Structures of redox polymers based on the coordination of Os complexes 

directly to a vinylimidazole polymer (a) or via a flexible spacer to a vinylpyridine polymer 

(b). Reproduced from Ref. 45 with permission from The Royal Society of Chemistry, 

Copyright 2013. (c)  Schematic representation of BFC comprising a bioanode of pyranose 

dehydrogenase (PDH) and a PVI-bound Os mediator. Reproduced from Ref. 115 with 

permission from American Chemical Society, Copyright 2016. (d) Schematic 

representation of the “grafting from” ATRP reaction to produce GOx-pFcAc conjugates. 

Adapted from Ref. 116 with permission from Elsevier, Copyright 2016. (e) 

Naphthoquinone derivatives used as mediators for the fabrication of highly efficient flavin 

adenine dinucleotide glucose dehydrogenase (FAD-GDH) based bioanodes. The 

epoxide group within allows for the covalent attachment to linear poly(ethylenimine)s 

(LPEI) and to FAD-GDH that bears nucleophilic amino groups in its outer sphere. 

Reproduced from Ref. 118 with permission from The Royal Society of Chemistry, 

Copyright 2015. 
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Figure 9: (a) Schematic configuration of the compartmentalized glucose/O2 BFC where 

Ppy entraps the components on porous carbon electrodes. Reproduced from Ref. 150 

with permission from Elsevier, Copyright 2008. (b) Polymer-supported electron transfer 

of PQQ-dependent glucose dehydrogenase (GDH) at carbon nanotubes (CNTs) modified 

with electropolymerized polythiophene (PTh) copolymer. Reproduced from Ref. 153 with 

permission from Elsevier, Copyright 2017. (c) CV curves obtained with the PQQ‐GDH‐

modified electrode measured in the absence -curve a- and presence of glucose, 5, and 

20 mM -curves b and c, respectively- (A). CV curves obtained with the BOx‐modified 

electrode measured under anaerobic conditions -curve a- and in the presence of O2 (in 

equilibrium with air, curve b) (B). Background electrolyte was 50 mM phosphate buffer, 

pH 7.4, containing 100 mM Na2SO4. Abbreviations used: PQQ‐dependent glucose 

dehydrogenase; BOx: bilirubin oxidase; Glc: glucose; GlcA: gluconic acid (product of Glc 

biocatalytic oxidation); OCP: open circuit potential (measured vs. the reference 

electrode); OCV is measured between two biocatalytic electrodes. Reproduced from Ref. 

155 with permission from Wiley, Copyright 2019. (d) Biofuel cell polarization curves and 

the power release measured with 50 mM phosphate buffer, pH 7.3, containing 100 mM 

Na2SO4 and 20 mM glucose (left), or with human serum containing ca. 6 mM of glucose 

(right). Solutions contain O2. The circles in the plots reflect the experimental distribution 

of the measured parameters. Reproduced from Ref. 155 with permission from Wiley, 

Copyright 2019. 
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Figure 10: (a) The chemical structure of the n-type copolymer used as the anode. At the 

anode, electrons from the enzymatic oxidation of glucose by GOx are transferred to the 

n-type polymer, while p(EDOT-co-EDOTOH) electropolymerized at the cathode performs 

O2 reduction reaction. (b) A schematic of the simple assembly of BFC electrodes. (c, d) 

The figures of merit of the EFC (power density and open-circuit voltage, OCV) scales with 

the glucose concentration of the electrolyte. The electrolyte is PBS in c) and human saliva 

in d). (e) Digital photograph of the EFC switching on a light-emitting diode. Inset: 

configuration of the electrical circuit. Reproduced from Ref. 162 with permission from 

Springer Nature, Copyright 2019. 

 

 
 

 
 
 

 
 


