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Electrochromic materials are becoming increasingly important in analytical devices and applications. 

Their opto-electronic properties make them particularly useful in the development of electronics-free, 

self-powered sensors. However, the mass manufacture of such devices is often limited by the need for 

transparent electrodes and liquid electrolyte systems. The self-powered biosensor presented here overcomes 

these limitations by means of a coplanar electrode construction and a gel electrolyte. This configuration 

enables an effective separation between the sample and the electrochromic component, which allows the 

naked eye readout of the analyte concentration even if coloured or dark samples, such as blood, are used. 

This lack of contact between sample and electrochromic material also prevents the action of possible 

interferents  on  the electrochromic display,  which  is  an  additional  advantage.  Moreover, because the 

device is entirely screen-printed, its mass production is also feasible. The fabricated device features a 

glucose biosensor connected to a Prussian-Blue electrode, displaying a dynamic range between 

2.5 mM to 10 mM that makes it suitable for blood testing and diabetes screening. 
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Introduction 
 
Self-powered (bio)sensors are  analytical  devices  able  to produce  their  energy  from  their  target 

analyte, yielding a power output that is proportional to the analyte concentration.[1-4] The main 

advantage  of self-powered systems  is that  they  do not require  additional  power  sources.  In the 

case of analytical systems, they take their power from the sample in direct proportion to analyte 

concentration. This simplifies  device  construction, reduces  instrumentation needs  to a minimum, 

and  often  facilitates  portability, which  is  of  particular  relevance  in  point-of-care diagnosis.[5] 

However,  barring exceptions, extracting  the quantitative analytical  information requires  the use of 

electrochemical[6] or optical[7]  readers. 

Since  the introduction of the self-powered sensors  in 2001  by Katz  and Willner,[1] most  of the 

efforts done in this field have focused  on improving  the power output of these systems,  making  it 

sufficiently  high  and  sustainable  for  long  enough   to  power  the  signalling   system  and  other 

possible  components.[2] This has been achieved  by optimizing the electrochemical cell design,[8] 

the biosensor  performance,[9] or introducing new fabrication materials.[10] 

An interesting  alternative  to the use of external  detection  systems  is the construction of self- 

powered    sensors    using   electrochromic   materials.[11]   Electrochromic   materials    are   redox 

compounds presenting  different  optical  properties  as a function  of their  oxidation  state.[12]  The 

application of these materials  in sensing  applications has been  the subject  of recent  reviews,[11, 

13, 14] but their use in analytical  devices, including  self-powered, remains very limited. 
 

Electrochromic materials  were  first  introduced  in self-powered analytical  devices  by Crooks 

and  co-workers.[15] In that  work,  the authors  presented  a battery-powered paper-based glucose 

biosensor   that  enabled  the  detection   of  glucose  above  a  concentration limit  of  0.1  mM.  The 

presence  of glucose  led to the reduction  of a Prussian  Blue  (PB)  spot  to Prussian  White  (PW), 

enabling  naked  eye detection.  Although  this system  only  detects  the presence  of the analyte,  its 

working   principle   could  be  transferred  to  many  other  electroanalytical  assays  that  provide  a 

“yes/no” answer, being also possible to achieve a semi-quantitative answer based on different 

concentration ranges.[16] Later studies relying on a similar working  principle  were reported  but in 

these works an external optical reader was used to quantify the colour intensity changes of the 

electrochromic  material,   relating   it  to  the  analyte   concentration.  Jönsson-Niedziolka  and  co- 

workers presented  a self-powered sensor for the quantification of ascorbic  acid that used a biofuel 

cell to reversibly  convert a PB display into its reduced  form.[17]  The amount of ascorbic  acid was 

extracted  from the display  100s after contact  with the sample,  using a camera  and image analysis 

software.    Similarly,    Wang   and   co-workers   reported    a   self-powered   device    for   glucose 



quantification based  on a bipolar  electrode.[18] One electrode  end presented  a glucose  biosensor 

and  the other  a PB film.  The  reaction  of the analyte  in the biosensor  bleaches  the PB at a rate 

proportional to the analyte  concentration, allowing  to relate the amount  of analyte  with the extent 

of  the  discolouration.  Recent   works   have   reported   on  similar   architectures  but  only   with 

qualitative  purposes.[19] 

Conventional electrochromic displays  use a “sandwich”, or parallel  plate, configuration where 

anode  and  cathode  directly  face  each  other.  This  minimizes  the ohmic  drop  between  them  and 

facilitates  a faster  and more  homogeneous colour  switch.  A different,  and  much  less  exploited, 

approach for the construction of electrochromic displays is the “coplanar” or “interdigitated” 

configuration,[20] where anode and cathode rest on the same plane. Although using sufficiently 

conducting electrolyte  results  in nearly  homogeneous colour  changes,  internal  resistance  can be 

used to generate the effect of colour gradients, providing a semi-quantitative, naked eye sensor 

readout.[11]  Richardson,[21]   Crooks,[22]  and   Gooding[23]  pioneered    the   development  of 

coplanar displays applied to the development of instrumentation-less readouts. This coplanar 

configuration  has  been  only  recently   introduced   by  our  group   in  the  field  of  self-powered 

analytical  devices.[24] This work presented  a self-powered electrochromic device  that used a PB 

display  as a cathode  to power the enzymatic  reaction  at the anode and also as a visual coulometer 

in the form of a metering  bar, which  enables  the naked eye quantification of an analyte  present  in 

the solution flowing through a lateral flow membrane. 

In addition,  most electrochromic devices  rely on the use of at least one transparent electrode. 

Tin-oxide  materials[25] such  as indium  tin-oxide  (ITO),  antimony  tin-oxide  (ATO),  or fluorine 

tin-oxide   (FTO)   as  well  as  the  polymeric   mixture   of  poly(3,4-ethylenedioxythiophene)  and 

polystyrene sulfonate[26] (PEDOT:PSS) are the most  representative examples.  In addition,  thin 

layers  of  electrochromic  materials  are  always  deposited   to  ensure  that,  in  the  presence  of  an 

electrolyte  with high ionic conductivity, a fast and reversible  colour switch is obtained.  While tin- 

oxide-based  materials   often  perform  better,  their  deposition   in  thin  layers  can  be  too  costly. 

PEDOT:PSS, on  the  other  hand,  can  be  printed,  which  is  more  convenient, but  its 

electrochromism  may  preclude   observation  of  the  desired   colour  change   in  some  cases,  so 

additional  considerations are needed. 

In this work,  we have  replaced  the conventional transparent electrodes  and the deposited  thin 

layers  of electrochromic material  by a screen-printed layer  based  on semi-conducting antimony 

tin-oxide  (ATO)  particles  coated with Prussian  Blue.[27]  A glucose  biosensor  was coupled  to the 

electrochromic display  in a coplanar  arrangement so the  system  could  work  as a galvanic  cell 

providing   an  easy   to  interpret   colorimetric  readout.   Moreover,   a  formulated  gel   polymer 



electrolyte   based  on  an  ionic  liquid  (IL)  was  printed  on  top  of  the  PB  display,  replacing  the 

conventional aqueous  supporting  electrolytes used in most electroanalytical experiments, and thus 

allowing  to obtain a fully-printed solid-state  analytical  device. 

 
 
Experimental 

 
Chemicals and materials 

 
The  electroanalytical devices  presented   here  were  designed  using  VectorWorks 2018,  Student 

Edition  (Techlimits, ES).  A 30 W Epilog  Mini  24 CO2   Laser  engraver  (Laser  Project,  ES) was 

used to cut the plastic substrates  of polyethylene terephthalate (PET) with a nominal  thickness  of 

500  µm  (Autostat   WP20,   MacDermid,  UK).  An  Alpha-Step  200  profilometer  from  Tencor 

Instruments   was   used   to   measure   the   thickness    of   the   different   printed   layers.   Carbon 

(C2030519P4)  and  gold  polymer   (C2041206P2)  screen-printing  pastes  were  purchased   from 

Gwent  Electronic  Materials  Ltd. (UK), Electrodag silver (725A)  and photocurable dielectric  (PF- 

455B)  pastes  were obtained  from Henkel  (ES).  Prussian  Blue screen  printing  paste was prepared 

as previously  described.[27]  Ionic liquid 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate 

(EMIM-Tf) was acquired from Solvionic (FR), potassium trifluoromethanesulfonate (KTf) and 

poly(vinylidene  fluoride-co-hexafluoropropylene)   (PVDF-HFP)  were   obtained   from   Sigma- 

Aldrich. 

A µ-Autolab  III potentiostat from Metrohm  controlled  by GPES 4.1 software  was used to carry 

out the electrochemical measurements. A SPELEC  instrument  by Metrohm-Dropsens (ES)  was 

used to carry out spectroscopic measurements. 

Glucose  oxidase  (GOx),  EC  1.1.3.4,  236  U  mg-1,  was  purchased   from  Sekisui  Diagnostics 
 

(UK). Poly(ethylene glycol) diglycidyl  ether (PEGDGE), and glucose  were obtained  from Sigma- 

Aldrich. The redox polymer [Os(4,4’-dimethyl-2,2’-bipyridine)2(poly-vinylimidazole)15Cl]+ (Os- 

PVI15) used for the fabrication of the glucose biosensor was synthesized according to previous 

procedures.[28-30] A solution  of 0.1 M potassium  chloride  (KCl)  from Sigma-Aldrich and 0.05 

M phosphate  buffer (PBS) from Fluka was selected  as the aqueous  supporting  electrolyte. 
 

All reagents  were used as received  without any further purification. 
 
 
 
Electrode construction 

 
Two types of screen-printed electrochemical cells were used in this work. The first cell consisted 

of a conventional 3-electrode design  used  to carry  out  electrochemical measurements (see  S1). 

When  needed,  a Prussian  Blue layer was printed  on top of the carbon  layer.[27]  The second  cell 



 

 
Fig 1. Schematic representation of the electrochromic analytical device fabrication. (A) Application of the different screen-printing pastes on the plastic 
substrate. (B) Modification of the carbon electrode with the components of the glucose biosensor. (C) Measurement using solut ions of the aqueous 
supporting electrolyte covering both carbon electrodes and the PB display. (D) Printing of the gel polymer electrolyte covering the display and a small part of 
both carbon electrodes. (E) Measurement of a sample spread only on the surface of the carbon electrode modified with the glucose biosensor. 

 
consisted  of a printed  Prussian  Blue  electrode  of rectangular shape  (2x15  mm)  placed  between 

two carbon electrodes, 5 mm in diameter each. Figure 1 outlines the fabrication steps of this 

electrochromic cell. First,  silver  conducting tracks  were  printed  on the PET  substrate.  Next,  the 

carbon  paste  was  used  to  print  the  two  working  electrodes, one  used  as  a  transducer   for  the 

glucose   biosensor,    and   the   other   used   to   regenerate    the   electrochromic  display   between 

measurements. A gold  electrode  was printed  as a necessary  step to improve  the conductivity of 

the  electrochromic  layer  printed  on  top,[31]  and  also  to  improve  the  colour  contrast  after  the 

bleaching  of  the  Prussian  Blue.  Last,  a white  colour  dielectric  layer  was  printed  to define  the 

electroactive areas of the cell. The surface  of one of the carbon  electrodes  was modified  to build 

the glucose  biosensor,  as described  below.  When required,  a layer of gel polymer  electrolyte  was 

printed on top of the Prussian  Blue electrode,  slightly overlapping both carbon electrodes. 

 
 
Glucose biosensor fabrication 

 
The  surface  of  the  working  carbon  electrode  was  modified  to  build  the  glucose  biosensor.   A 

protocol  similar  to that reported  by Heller et al. was followed.[30] Briefly,  4 µL of a 10 mg mL-1 

solution  of the Os-PVI15 prepared  in a mixture  of EtOH:H2O (1:1) were mixed  with 0.8 µL of a 

10 mg mL-1  solution  of GOx prepared  in the supporting  electrolyte  and 1.2 µL of a 2.5 mg mL-1
 

 

aqueous  solution  of PEGDE.  5 µL were spread on the surface of the carbon electrode  and allowed 

to dry at 4°C protected  from ambient  light. After 1 hour, the electrodes  were ready for use. Blood 

glucose  experiments were  performed  in compliance with CSIC’s  guidelines  for experimentation 



with   humans   and   approved   by  CSIC’s   bioethics   committee   within   the  framework  of  the 
 

SEAMLESS project. 
 
 
 
Gel polymer electrolyte 

 
The composition of the gel electrolyte  was optimized to obtain a consistent,  homogeneous, and 

transparent flexible  layer.  For this,  an optimal  weight  ratio  between  the ionic  liquid,  the gelling 

polymer,  and the amount  of solvent  was obtained.  0.14 g of the gelling  agent,  PVDF-HFP, was 

dissolved  in  0.5  mL  acetone  under  vigorous  stirring  and  mild  heating  (40-50ºC).   After  15-30 

minutes,  a transparent solution  is obtained,  indicating  the complete  dissolution of the polymer. 

Then, 50 mg of KTf and 340 μL of the IL were added to the mixture  and stirred while heating for 

another  15 minutes.  After  this,  the  gel  polymer  was  ready  for  printing.  The  thicknesses of the 

printed  layers  of  gel  polymer   were  measured   with  a  profilometer,  leading  to  values  ranging 

between  10 and 20 μm. 

 
 
Results and Discussion 

 
Display characterization 

 
The shift from an electrodeposited PB layer,[24]  which thickness  is in the range of a few hundred 

nanometers, to a printed display where the thickness  is closer to ten microns,  results in changes  to 

its electrochemical and optical properties.  Figure 2 shows cyclic voltammograms recorded  for two 

different  Prussian  Blue  electrodes, one  with  a thin  electrodeposited layer  on a transparent ITO 

electrode  on a glass  substrate,[24] and  the  other  with  a thick  printed  layer  on top  of a screen- 

printed   gold  electrode   as  shown   in  Figure   1,  using  in  both  experiments  the  same  aqueous 

supporting  electrolyte. As expected,  the amount  of electrochromic material  per unit area is much 

higher in the case of the printed display (8.9 mC cm-2  vs 2.7 mC cm-2, respectively). This increase 
 

in the amount  of PB results  in a slower  apparent  response,  despite  the  semi  relatively-conducting 

nature  of  the  ATO  microparticles  underneath  the  PB  coating.   Thus,  peak-to-peak  separation 

increases  from 30 mV in the case of the electrodeposited layer to roughly  60 mV for the printed 

layer. The higher amount of electrochromic material  as well as the more sluggish  electron  transfer 

alter  the behaviour  of the display.  For this,  the nature  and properties  of the  selected  electrolyte 

must be adjusted  in order to obtain  a fast and clear colour  switch.[32] To study the behaviour  of 

the  PB  display  under  different  electrolyte  conditions, a constant  electric  current  of 40 μA  was 

applied from the working  electrode  so the PB was progressively converted  into PW. Two aqueous 

electrolytes with different  conductivities were used. One, a 0.1 M KCl aqueous  solution  with high 



 

 
 

Fig. 2 Cyclic voltammograms of electrodeposited (red line) and printed (black line) PB electrodes using in both cases an aqueous supporting electrolyte. Scan 
rate of 5 mV s-1. 

conductivity similar  to those used in common  electroanalytical experiments, σ1 = 1.6 S m-1, and 
 

the  other,  a  0.01  M  KCl  solution  with  much  lower  conductivity,  σ2  =  0.16  S  m-1.  Also,  the 

electrolyte  resistance  was  manually  controlled  by depositing  different  volumes  of solution,  thus 

adjusting  the  thickness  of  the  electrolyte   on  the  electrode  surface  so  two  different   electrolyte 

volumes  heights  of electrolyte  could  be tested,  namely  H1  2 mm and H2  0.1 mm,  where  H 

represents  the height of the electrolyte  volume..  H  2 mm H1 aimed at  simulating  providing  the 

conditions  of a system  in which  the current  lines  are distributed  through  the thick  layer  of the 

ionic conductor,  while H  0.1 mm H2 aimed at  simulation   modeling  a printed layer of electrolyte 

in  which  the  current  lines  are  restricted   to  a  smaller  volume.  As  seen  in  Figure  3,  when  an 

electrolyte  with high conductivity is selected  and a high volume  is deposited  on the surface of the 

electrodes, the electrochromic display  switches  colour  homogeneously across  its entire  surface, 

and  a full  conversion from  PB  to  PW  is observed.  If  either  the  electrolyte  conductivity or  its 

thickness   decreases,   the  internal  resistance   of  the  solution  increases,   and  the  electric  current, 

which  follows  the path  of least  resistance,  progressively depletes  the electrochromic material  at 

the display, generating  a colour gradient. Last, when both electrolyte  conductivity and thickness 

decrease,  the  internal  resistance  increases  even  more,  resulting  in two  effects.  First,  the  colour 

front  is  better  defined   due  to  the  abrupt   iR  drop  at  the  switching   region,   and  second,   the 

conversion rate of the PB is considerably slower. It is important  to note that, under these stringent 

conditions, the electrochromic display  can be irreversibly damaged  by the degradation of either 

the ATO core of the particles  or the electrochromic coating. 



The galvanostatic experiments  of  shown  in Figure  3  show  demonstrate that an electrolyte  with 

intermediate properties  between  the  cases  ‘iii’  and  ‘iv’,  where  the  colour  conversion is  better 

defined,  may  lead  to  an  optimum  display  performance, i.e.,  fast  and  clear  colour  conversions. 

When  considering possible  printable  electrolytes that  fulfill  this,  two  important  points  must  be 

taken into account.  First, it is necessary  to control  the deposition  of the electrolyte  on the device 

since, as shown above, the thickness  of the layer plays a critical effect on its performance, leading 

to considerable variations  in rate and  definition  of colour  conversions. Moreover,  it is desirable 

that the device is able to measure  in any kind of sample, regardless  of its colour, turbulence, or the 

presence   of  substances   that  may  interfere   with  the  electrochromic  material,   i.e.,  sample  and 

display should be physically  separated.  In this sense, ionic liquid-based gel polymer electrolytes 

represent  an interesting  alternative  to conventional aqueous  electrolytes. IL-based  gel electrolytes 

display  relatively  high  ionic  conductivities,[33] they  can  be  screen-printed as  any  other  paste, 

which  allows  to control  the thickness  of the material  deposited  and additionally, and, given their 

organic  nature, they provide  a very suitable  separation  barrier between  sample and display,  which 

allows ion exchange  between  the two phases without  mixing. 

 
 

Gel electrolyte characterization 
 

Solid-state  electrolytes display  certain  advantages over conventional liquid electrolytes that make 

them a suitable  option  for printed  electrochromic devices.  These features  include  the outstanding 

mechanical  stability,   simplicity   of  fabrication and  assembly   of  the  devices,  or  the  protection 

against  possible  leakages  of toxic chemical  compounds present  in them.[33]  Among  the different 

types of solid-state  electrolytes, gel polymer  electrolytes stand out because  of their relatively  high 

conductivities.[34, 35] Particularly, ionic liquid-based gel polymer  electrolytes display  high ionic 

conductivities, besides  other features  such as non-volatility and wide potential  windows.[36, 37] 

A suitable  gel polymer  electrolyte  for electrochromic displays  must show high ionic conductivity 

and  high  mechanical  stability,   in  addition   to  a  high  degree  of  transmissivity. Moreover,   the 
 

 
Fig 3. Captures of the display at two different times under a constant applied current of 40 μA for different aqueous electrolyte conductivities (σ) and thicknesses 
(H): (i) σ1=1.6 S m-1, H12 mm; (ii) σ2=0.16 S m-1, H12 mm; (iii) σ1=1.6 S m-1, H20.21 mm; (iv) σ2=0.16 S m-1, H20.1 mm. 



 

 
 

Fig 4. (A) Bode plot for the gel polymer electrolyte. Experimental data (circles), and fitted data obtained from the equivalent circ uit (line). (B) Cyclic 
voltammograms obtained in a C-SPE (see Fig. S1) with a gel polymer electrolyte (red line) and an aqueous 0.1 M KCl solution (black line). Scan rate of 10 mV 
s-1. (C) UV-vis reflectance spectrum of a printed layer of gel polymer electrolyte (red line) compared to the background with no sample (black line). (D) Cyclic 
voltammograms obtained in a PB-SPE (see Fig. S1) with a gel polymer electrolyte (red line) and an aqueous 0.1 M KCl solution (black line). Scan rate of 5 
mV s-1. 

 

selected  electrolyte  must possess rheologic  properties  adequate  for printing. 
 

The  formulated  gel  polymer   consisted   of  a  mixture  of  three  components: an  ionic  liquid, 

EMIM-Tf,  that served  as ionic charge  carrier,  potassium  trifluoromethanesulfonate, as the source 

of  potassium  required  by  the  Prussian  Blue  to  keep  its  reversibility,[38] and  a fluoropolymer, 

PVDF-HFP, that was used as a gelling  agent to provide  consistency to the electrolyte  in the form 

of a flexible and transparent gel where the other components of the mixture  were embedded. 

The   physicochemical  properties   of   the   gel   polymer   electrolyte   were   studied.   Its   ionic 

conductivity was estimated by electrical impedance spectroscopy, using interdigitated electrodes 

(IDEs)  of a 10x10  µm geometry.[39] For this, 10 μL of the polymer  electrolyte  was cast on the 

surface of the IDEs and let to dry, and the AC impedance response  was registered.  To analyse  the 

impedance  response,   an   equivalent   circuit   consisting   of   a  constant   phase   element   (CPE) 

representing  the  electrode/electrolyte  interface   in  series   with  a  resistance   (Rs)  representing 

electrolyte  resistance  between  electrodes  was considered. As seen in Figure  4a, experimental and 

simulated   data   show   an   excellent   fit,   validating   the   implemented  equivalent   circuit.   The 



 
 

Fig 5. Cyclic voltammograms of the electroactive species at the anode, Os-PVI15  (red line), and at the cathode, PB (blue line). The regions in bold 
highlight the electrode processes taking place during device operation. Scan rate of 5 mV s-1. 

 
magnitude   of  the  electrolyte   resistance   was  obtained  at  high  frequencies  from  the  Bode  plot, 

where   the  main   contribution  to  the  registered   impedance  values   is  due  to  the  electrolyte 

resistance.[40] The obtained  values  for the resistance  were interpolated with those obtained  with 

the  same   IDEs   in  each  case  in  aqueous   KCl  solutions   of  different   conductivities,  and  an 

equivalent   electrolyte   conductivity  of  0.4  ±  0.1  S  m-1   was  estimated,   in  line  with  previously 

reported  gel electrolytes of similar compositions.[41] 

It is important  that the selected  electrolyte  shows a wide electrochemical window,  as is the case 

for the present  ionic  liquid  gel polymer  electrolyte. Figure  4b shows  cyclic  voltammograms for 

the gel polymer  electrolyte  and for the aqueous  supporting  electrolyte  using screen-printed carbon 

electrodes  (C-SPE).  Although  a wider  potential  window  was expected  due to the use of an ionic 

liquid,  the  gel  polymer  electrolyte   displays  a potential  window  similar  to  that  of  the  aqueous 

electrolyte. We believe  this is due to the water  present  in the ionic liquid  or the acetone  used to 

prepare  the  ionogel.  However,  no  redox  activity  is observed  in  the  range  from  0 to  0.5  V  vs 

Ag/Ag+,   where   the  PB/PW   couple   reacts,   so  this  electrolyte   system   was  accepted   for  this 
 

application. 
 

As explained  above, a very important  feature that any suitable  electrolyte  must fulfil for its use 

in electrochromic devices/sensors is to display  a high degree of optical  transmissivity. The use of 

an ionic  liquid  in the formulation of the gel polymer  electrolyte  not only  provides  the required 

ionic conductivity, but it also confers the resulting  gel the optical transparency sought in this case. 

Figure  4c shows  the wavelength spectrum  obtained  on a PET  substrate  in a UV-vis  reflectance 



mode  for  a  printed  layer  of  the  gel  polymer  electrolyte   of  roughly  15  μm.  As  observed,   no 

significant  amount  of light  is absorbed  in the  visible  region,  obtaining  transmission values,  on 

average,  higher than 90%. 

Last, the electrochemical performance of the Prussian  Blue paste was evaluated  under  the use 

of the gel electrolyte. For this, cyclic  voltammograms were recorded  with the PB screen-printed 

electrodes  (PB-SPE)  of Figure S1 using a 0.1M KCl aqueous  solution  or a pellet of gel electrolyte 

with  a  thickness   of  roughly   3  mm.  As  seen  in  Figure   4d,  a  shift  in  the  position   of  the 

voltammograms appears  due to the different  anions  present  in each electrolyte, which  affects  the 

pseudo-reference  Ag/Ag+   electrode   potential.   Also,   peak   currents   decrease   when   using   the 
 

polymer  electrolyte  since the diffusion  coefficient  of potassium  is affected  by the composition of 

the  solution,  as predicted  by the  Randles-Sevcik equation.[40] Regardless of this,  the 

electrochemical performance of the electrochromic material  with a gel polymer  electrolyte  is still 

remarkable. 

As explained,  an electrolyte  with a conductivity lower than that of common  aqueous  solutions 

with  a thin layer  spread  above  the display  should  give  rise to a better-defined colour  transition, 

but maintaining a high conversion rate. Indeed,  this was observed  throughout the experiments run 

in the next section, when the system works as an enzymatic  fuel cell. 

 
 
Self-powered device 

 
The feasibility  of any electrochemical system  to work  as a galvanic  cell can be first assessed  by 

looking  at the cyclic  voltammograms of the electrode  processes  involved.  Figure  5 shows  cyclic 

voltammograms recorded  for the osmium  redox polymer  at the anode and for the Prussian  Blue at 

the  cathode.  The  onset  potential  of  the  PB  reduction   at  the  cathode  is  observed  at  0.3  V  vs 

Ag/Ag+,  while the oxidation  of the osmium redox polymer  is observed  at 0.1 V vs Ag/Ag+,  which, 

in  the  absence  of  glucose,  leads  to  cell  voltages  of  roughly  0.2  V.  Although  the  presence  of 

glucose  converts  completely the redox mediator  into its reduced  state, and thus increases  the cell 

voltage  up to 0.5 V (Fig. 6A), these values are. This cell voltage  is rather low compared  to state- 

of-the-art  enzymatic  fuel cells,[42]   and  it  this might have been a limiting  factor in a conventional 

system,  i.e, if powering  a silicon-based electronic  circuit had been required.  However,  in this case 

it just means a slower system response,  or a somewhat  limited device performance, particularly in 

systems  with relatively  high internal  resistance.[32] The substitution of either the redox mediator 

or   the   electrochrome,  or   even   both,   by   others   with   lower   and   higher   formal   potentials 

respectively, will  lead  to  higher  cell  voltages,   and  thus  to  a  better  system  both  in  terms  of 

response  time and dynamic  range. 



The behaviour  of the self-powered system  was studied  under  the use of either  the aqueous  or 

the gel polymer  electrolyte, using glucose  solutions  of different  concentration. The Prussian  Blue 

cathode  was connected  to the sensing  anode,  and the electric  current  was registered  scanning  the 

potential  from  the  open  circuit  value  to  the  short  circuit.  Figure  6 shows  the  polarization and 

power  curves  corresponding to the systems  with an aqueous  electrolyte  (‘A’ and ‘B’)  and with a 

gel polymer  electrolyte  (‘C’ and ‘D’). A progressive increase  in the current  and power  output  is 

observed  as the  amount  of analyte  is increased,  reaching  maximum  values  at 10  – 15  mM,  in 

agreement with the amperometric calibration  plot in Figure S2. The effect of the higher internal 

resistance   in  the  fully  printed  device  is  observed  when  the  maximum   current  output  of  both 

systems  is  compared.   While  the  cell  with  an  aqueous  electrolyte   reaches  a  maximum   current 

density  of roughly  60 μA cm-2  at 20 mM glucose,  the system  with the gel polymer  electrolyte  is 
 

only capable  of achieving  35 μA cm-2.  Although  this is approximately half of that generated  by 

the aqueous electrolyte, the system still works relatively  well. 

Last, anode and cathode  were short-circuited, and the progressive conversion of Prussian  Blue 

in the display  into its reduced  form by action of the enzymatic  activity  was registered,  measuring 

the  distance  converted   after  a  fixed  amount  of  time.  The  transition   from  an  electrodeposited 

display  of  previous   prototypes[24]  to  a  printed  one,  as  well  as  the  proximity   in  the  formal 

potential   of  the  electroactive  species   involved   in  the  cell  makes  it  necessary   to  extend  the 

measuring  up to 90 seconds.  Moreover,  the shift  from  an aqueous  to a gel polymer  electrolyte 

with  higher  internal  resistance,  further  increases  the measuring  time  up to 5 minutes,  since  the 

conversion  rate  of  the  display  is  markedly   slower.  It  was  observed   that  the  concentration of 

PVDF-HFP and ionic  liquid  in the paste,  which  determines the thickness  of the printed  layer  of 

electrolyte, were  critical  parameters in the  performance of  the  device.  For  this,  the  amount  of 

solvent,  acetone,  was  reduced  to a minimum,  compared  to other  gel  polymer  electrolytes with 

similar chemical  compositions,[41] which allowed  us to print thicker layers of material,  leading to a 

substantial  decrease  in the measuring  time from 20 to 5 minutes.  This indicates  that an improved 

formulation  of  the  gel  electrolyte,  or  optimized   printing   parameters  such   as  screen   mesh 

density[43] could  lead  to an improved  performance of the device,  reducing  the measuring  time 

even  further.  Also,  as  mentioned   above,  the  substitution  of  the  electroactive  species  at  both 

electrodes  by others that generate  higher cell voltages would lead to similar results. 



 

 
Fig 6. Polarization and corresponding power curves obtained for the self-powered device for different glucose concentrations using an aqueous (A and B) or a 
gel polymer (C and D) electrolyte. Scan rate of 1 mV s-1. 

 
Figure  7 shows  images  taken 90 seconds  (aqueous  electrolyte), and or 5 minutes  (gel polymer 

electrolyte) after the connection of the electrodes for the aqueous and gel polymer electrolyte, 

respectively.  The  points  in  the  calibration   curves  represent   the  position   of  the  colour   front 

estimated  from the images  captured.  A  clear  correlation between  the distance  converted  and the 

concentration of glucose  is observed  in both systems.  As expected,  the colour transition  observed 

in these  devices  is noticeably  blurrier  than in the case  of an electrodeposited PB electrode,  as a 

thicker  electrochromic coating  leads to lesser control  over current  line distribution. This effect  is 

partially  mitigated   when  the  internal  resistance   of  the  cell  is  increased,   for  example,  using  a 

thinner  layer  of electrolyte  of lower  conductivity (Fig.  7A and B). Despite  this improvement in 

colour definition,  an appropriate selection  of materials  and reagents,  i.e. redox mediator, 

electrochrome, or electrolyte, as well as different  geometric  architectures should  be evaluated  to 

ease the naked-eye  readout of the display. 

As  mentioned   above,  one  important   advantage   of  using  a  printed  gel  polymer   electrolyte 

instead  of  the  conventional aqueous  supporting   electrolyte   is  the  possibility   of  separating   the 

sample   from   the   electrochromic  display,   which   allows   to  measure   coloured   samples   that 



 

 
 

Fig 7. Captures of the evolution of the PB display after 90 seconds (A), and after 5 minutes (B) of connection of the system for different glucose 
concentrations prepared in supporting electrolyte, and for a human blood sample. (C) Calibration plot of the distance convert ed obtained from ‘A’. (D) 
Calibration plot of the distance converted from ‘B’. Error bars represent the standard deviation for n=3 devices. 

 
otherwise  would mask the conversion of Prussian  Blue into Prussian  White,  as well as to prevent 

the action  of electroactive interferents on the display.  To test this feature,  human  blood  samples 

were collected  from a volunteer’s thumb using safety lancets.  15 μL were extracted  and placed on 

top  of  the  biosensing   anode,   and  the  system   was  connected.  As  shown   in  Figure   7,  the 

electrochromic  display  reaches  a  distance  conversion slightly  higher  than  that  of  the  2.5  mM 

glucose  standard,  in  agreement   with  the  measured  concentration of  2.8  mM  obtained  using  a 

commercial glucose meter (CardioCheck, Novalab,  ES). 

It is interesting  to note  that, while the device with the gel polymer  electrolyte  requires  roughly 
 

5  minutes  to  obtain  a  similar  degree  of  colour  conversion  compared   to  the  device  with  the 

aqueous  electrolyte, the possibility  of having  a better  control  on the thickness  of the electrolyte, 

and  thus  on  the  internal   resistance   of  the  cell,  leads   to  a  significant   improvement  in  the 

repeatability of the measurements with different  devices,  as inferred  by the size of the error bars, 

which are shorter. 

Moreover,   the  colour  conversion  of  the  electrochromic  display   under  the  use  of  the  two 

electrolytes was  compared   when  the  system  was  connected   using  a  15  mM  glucose  solution. 



 

 
 

Fig 8. Colour profiles of the PB display obtained with ImageJ for the self-powered experiment with a 15 mM glucose solution under the use of the two 
electrolytes: aqueous (black line), and gel polymer (red line). Images were captured after 90 seconds and 5 minutes for the aqueous and gel-polymer electrolyte, 
respectively. 

 
Figure  8 shows  the percentage of the red  channel  values  extracted  from  the RGB  plots  of both 

cases  using  image  analysis  software  ImageJ  (see  Fig.  S3 for  a description of the  methodology 

used to extract  the RGB profiles).[44] As observed,  the profile of the colour switch in the case of 

the gel electrolyte  displays  a steeper  slope  than that of the aqueous  electrolyte. The thin printed 

layer  of gel polymer  and its lower  ionic  conductivity lead  to a higher  internal  resistance,  which 

translates  into a better-defined colour conversion. 

 
 
 
 
Conclusions 

 
In this work we have shown the fabrication of a self-powered electrochromic analytical  device for 

the quantification of glucose entirely by screen-printing. 

An electrochromic Prussian Blue paste was used to print the display/cathode, substituting 

conventional thin-layer electrodeposited PB electrodes, and removing the need for a transparent 

electrode. 

An  ionic  liquid-based  gel  polymer   was  used  to  print  a  solid-state   electrolyte   substituting 

conventional aqueous  electrolytes. The behaviour  of the printed  device  under  the use of the gel 

polymer   electrolyte   was   evaluated   and   compared   to   that   with   a  conventional  supporting 

electrolyte. The  use  of a printable  gel  electrolyte  allows  the  physical  separation  of the  sample 

from the electrochromic display, avoiding  the action of possible  interfering  substances. Moreover, 

since  the sample  does  not contact  the Prussian  Blue  display,  it is possible  to measure  coloured 

samples  that would otherwise  mask the colour switch.  The thin printed layer of electrolyte  results 

in  a higher  internal  resistance  than  in  the  case  of  an  aqueous  electrolyte, which  increases  the 



measuring  time. However,  a better-defined colour conversion is achieved,  facilitating the readout 

of the display. 

The  fabrication of a solid-state  electrochromic sensing  device  entirely  by screen-printing can 

lead  to extremely  cost  effective  devices  including  skin  patches,  contact  lenses,  and  other  non - 

invasive  and easy to use wearables.  [45-47] 
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