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•  Electrochromic materials allows an external stimulus (voltage) to 
control the amount of light delivered to the biological system. 

•  Direct integration of the electrochromic and biological systems 
•  Remote control of biological system 

Goal: Control the response of a photoactive biological system 



Bacteriorhodopsin	
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•  Photoactive transmembrane biological proton  
pump from Halobacterium salinarum 

•  Absorbs visible light to pump protons 
•  1 proton/photon 

•  Stable over pH 3-10, up to 140 °C 
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Electrochemical cell for testing electrochromic materials. 

•  Injection of charge changes optical absorption 
of a thin film 

•  Evaluate electrochemically, optically 
•  Liquid electrolyte or all solid state 

•  Consumer applications 
•  Mirrors 
•  Window coatings 

www.Genetex.com 

www.Boeing.com 



WO3	
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•  Rhenium oxide crystal structure  
•  monoclinic 
•  pseudo-perovskite: empty A-site 

•  To decrease optical transmission 
•  Insert H+, Li+, or Na+ into A-site 
•  Reduce W6+ to W5+  

W5+/6+	
  

O2-­‐	
  

H+,	
  Li+,	
  Na+	
  

WO3 + xH+ + xe-        HxWO3 
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1 cm 

500 nm WO3 on FTO/glass 



Sol-­‐Gel	
  Processing	
  WO3	
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•  Dissolve W powder in H2O2 at 0 °C for 2 hours 
•  Centrifuge 3000 rpm 15 minutes, remove precipitate 
•  Combine with equal volume glacial acetic acid 
•  Reflux overnight at 70 °C 
•  Remove solvents  acetylated peroxotungstic acid 

•  Dissolve 1.25 g acetylated peroxotungstic acid in 10 mL ethanol 
•  Spin coat onto Fluorine-doped SnO2 on glass, 2000 rpm, 60 s 
•  Dry at 100 °C, 5 minutes 
•  Spin 4 layers 
•  Crystallize between 100-500 °C for 3 hours 

Adapted from 
M. Deepa, A. Joshi, A. Srivastava, S. Shivaprasad, and S. Agnihotry, J. Electrochem. Soc., 153, C365 (2006). 
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X-­‐ray	
  Diffrac@on	
   Infrared	
  Spectroscopy	
  

WO3	
  is	
  amorphous	
  at	
  100,	
  300	
  °C,	
  
(200)-­‐oriented	
  monoclinic	
  WO3	
  at	
  500	
  °C.	
  

At	
  100	
  °C	
  organics	
  s@ll	
  remain	
  
in	
  WO3	
  film.	
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FTO 

WO3 

Films annealed at 500 °C exhibit slight porosity with grains ~100 nm in diameter.  

200 nm 

200 nm 
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100 °C
300 °C
500 °C

WO3$ FTO$

1$M$HCl,$LiCl,$or$NaCl$

e4$

M+$

Reference$$
Electrode$

Counter$$
Electrode$

WO3$+$xM+$+$xe4$$$$MxWO3$$

1 M HCl. 25 mV/s scan rate. 

Cyclic Voltammetry 

WO3 + xH+ + xe-    HxWO3 

HxWO3  WO3 + xH+ + xe-
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HClLiCl

NaCl

Larger ions require larger potentials to intercalate into WO3 lattice. 

1 M salts. 25 mV/s. Films crystallized at 500 °C. 
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H+ 

H+ 

Spectrophotometer 

Incoming light 

pH 
meter 

H+ 

e- 

1 M HCl 

WO3 

FTO 

Glass 

Bacteriorhodopsin vesicles 

•  Electrochromic window to modulate light incoming to bacteriorhodopsin vesicles 
•  Record pH and optical transmittance as a function of applied voltage. 
•  Custom LabView program records all data real-time. 

FTO 

Glass 
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HMIT
HMIB
EMIT

The$molecular$structure$of$
the$interface$depends$on$DC$
bias.$$$
$
How$does$this$affect$the$
double$layer$capacitance?$

The$frequency$dispersion,$p,$of$the$
double$layer$capacitance$depends$on$
DC$bias.$
$
$
Capacitance,maxima,correlate,with,
larger,dispersions,(minima,in,p).,

FFT4Impedance,Spectroscopy,allows,
rapid,measurement,across,80+,DC,
biases.,
,
Model,the,interface,with,an,
equivalent,circuit.,
,
Extract,the,double,layer,capacitance,
at,each,DC,bias,using,an,automated,
fiQng,rou<ne.,

Pressure4biased,etch,to,form,conical,nanopores,

Metalliza<on,with,electroless,gold,

Surface,func<onaliza<on:,44nitrophenyl,diazonium,

Ion4tracked,polycarbonate,membrane,

L.J.,Small,and,D.R.,Wheeler.,Influence$of$Analysis$Method$on$the$Experimentally$Observed$Capacitance$
at$the$GoldGIonic$Liquid$Interface.,(submiXed),2013.,

L.J.,Small,,D.R.,Wheeler,,and,E.D.,Spoerke.,,Method$to$Control$Nanopore$Morphology$via$PressureGBiased$
Chemical$Etching.,,US,Appln.,No.,61/907,810,,November,22,,2013.,
,
L.J.,Small,,D.R.,Wheeler,,and,E.D.,Spoerke.,,Conical$Nanopores$Fabricated$via$a$PressuredGBiased$Chemical$
Etch.,,(submiXed),2013.,

Leo,J.,Small,,David,R.,Wheeler,,and,Erik,D.,Spoerke,

4NO2,+,6H+,+,6e4,,4NH2,+,2H2O, Electrochemically$switch$surface$charge$

Membrane$selecNvity$switches$
with$surface$charge!$

Conical$shape$causes$selecNvity$to$be$
controlled$by$electrolyte$concentraNon$
at$pore$Np.$

!
!
!

!
!
!

9 M NaOH!

membrane!

0.1 mM NaCl!
tip!

base!1 M NaCl! Measure,membrane,selec<vity,for,different,
salt,concentra<ons.,

4150,

4100,

450,

0,

50,

100,

150,

200,

45, 43, 41, 1, 3, 5,

Tr
an

sm
em

br
an

e$
Po

te
nN

al
$/
$m

V$

Log(CLeS$/$CRight)$

Cylindrical, Conical,

430,

420,

410,

0,

10,

20,

30,

45, 43, 41, 1, 3, 5,

Tr
an

sm
em

br
an

e$
Po

te
nN

al
$/
$m

V$

Log($CLeS$/$CRight$)$

4NO2, 4NH3+,

-3.5 

-2.5 

-1.5 

-0.5 

0.5 

1.5 

0 500 1000 

Vo
lta

ge
 (V

) 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

0 500 1000 

R
el

at
iv

e 
In

te
ns

ity
 

400 nm 

550 nm 

6.37 
6.38 
6.39 

6.4 
6.41 
6.42 
6.43 
6.44 

0 500 1000 

pH
 

Time (s) 

H+,

H+,

BR,
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Window,
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Light,
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FTO,

Glass,

ITO,

1,N,HCl,H+,

e4,

Reversible pH changes correlate 
with voltage-induced changes in 
WO3 optical absorbance! 

Glass,

Understanding,the,structure,of,the,solid4liquid,interface,allows,for,design,of,interfaces,that,control,both,ion,movement,and,the,overall,system,response.,,

Bacteriorhodopsin (BR) is a light-activated, transmembrane 
biological proton pump, extracted from Halobacterium salinarum. 

With,help,from,Steven,Wolf,,Virginia,Vandelinder,,and,George,Bachand,

Electrochromic WO3 films change optical absorbance upon 
electrochemical reduction of W6+ and intercalation of H+ from solution. 
 

WO3 (clear) + xe- + xH+  HxWO3 (blue) 

ZCPE =
−1

T (2πif )p

This work was funded by Sandia’s Laboratory Directed Research and Development Program  
 
Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. 
Department of Energy’s National Nuclear Security Administration under contract DE-
AC04-94AL85000. SAND No. 2011-XXXXP 

Modulate,intensity,of,incoming,light,by,
applying,a,voltage,across,electrochromic,
WO3,thin,film.,
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+2X,,
Adapted,from,Fedorov,et.%al.%Electrochem.,Commun.,12,(2010),2964299.,,,

Modulate intensity of incoming light by applying a 
voltage across electrochromic  WO3 thin film. 

Reversible pH changes correlate with 
voltage-induced changes in WO3 optical 
absorbance. 

<0.1 vol% vesicle loading 
 - in bulk solution ΔpH = 0.03 
 - in vesicle ΔpH ~ 2 
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•  Direct integration of WO3 into biological environment 

•  Higher loading of “bugs” to realize greater pH change 
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