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ABSTRACT 

 
Regenerative photoelectrochemical capacitors, adapted from a experimental system previously 
reported (J. E. Halls, J. D. Wadhawan, Energy Environ. Sci., 2012, 5, 6541) and based on the 
doping of a lamellar lyotropic liquid crystal with visible light sensitizer tris(2,2’-
bipyridyl)ruthenium(II), N-methylphenothiazine, zinc(II) ions and potassium chloride (as 
electrolyte) are examined in this work.  The two dye species, by virtue of similarity in redox 
potentials and difference in size and lipophilicity, allow for electron transfer cascades to occur 
under illumination, which can be harnessed in a power-generating device through the use of a 
sacrificial counter electrode.  In operation as a solar cell, a maximum light-to-electrical power 
conversion efficiency is reported as being ~5.0% under green light (530 nm centreband, 30 nm 
bandwidth, 2.2 mW cm-2 intensity), which extrapolates to the opportunistic value of 1% under 
one Sun conditions.  The electrical characteristics of the devices under illumination afford 
specific capacitances of  ca. 0.5-1.0 F g-1 and have fill factors ~20% which are close to the 25% 
expected for a perfect photogalvanic cell.  The time constants of the reported devices (~1.5 s) are 
consistent with the notion of electroporation of the surfactant lamellæ.  The advantages of these 
mid-ranging photoelectrochemical capacitors are suggested as being their low cost and versatility 
afforded by their flexible liquid framework that appears to realign itself under conditions of open 
circuit.  
 
 

INTRODUCTION 
 
In our technological era, the quality of human life is directly related to the degree of availability 
of energy resources [1].  Over the last 15 years, there has been an increasing trend to supplement 
and replace humankind’s global energy requirement through harnessing that freely available 
from moving air, water or visible light [2].  We have been interested in the development of 
inexpensive and efficient energy conversion and storage systems that are sufficiently lightweight 
so as to be adapted for personalized energy systems [3], which typically consume energy at rates 
ranging between µW h day-1 to mW h day-1 [4]:  for example, a simple wrist watch operates at 
1.5 V, draws ~0.4 µA and consumes 15 µW h day-1;  a low power, basic, mobile phone operates 
at 3.6 V, draws 200 mA and consumes 360 mW h day-1, if used for 30 min day-1.  In our earlier 
work [3], we sought to illustrate how lyotropic liquid crystals may be exploited as framework 
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media so as to provide vastly improved and efficient platforms for light-to-electrical energy 
conversion in the form of photogalvanic cells, of the type 
Zn | Zn2+(aq)/PMe(Brij 30) | ITO        (A) 
using N-methylphenothiazine (PMe) as the light energy harvesting molecule.  There we 
illustrated systems capable of engaging in light-to-electrical power conversion of ca. 2% 
efficiency under violet (350 nm), monochromatic light (of incident intensity, I0 ~ 2 mW cm-2;  
fill factor of 15%).  Such systems are more appropriately termed “photoelectrochemical 
capacitors” based on their dark electrical characteristics (maximum energy density ~1 W h kg-1 
at a power density of ~1 kW kg-1) [2] which affords capacitances on the order of 1-2 mF cm-2. 
 
The chemistry of our earlier work exploited the small path lengths for Fickean diffusion of 
chemical species afforded by the sizes of the sub-phases within spatially ordered and 
magnetically aligned lyotropic liquid crystals within the normal lamellar Lα phase of the non-
ionic surfactant Brij 30/0.1 M aqueous KCl which was doped with PMe and zinc ions, 
sandwiched between a transparent electrode (ITO) and a zinc plate.  Photochemical excitation of 
PMe enabled the reduction of protons to form dihydrogen, with the sacrificial counter electrode 
process enabling high open circuit voltages to be generated (~1 V) under both dark and 
illuminated conditions, giving rise to the following processes. 
Close to the illuminated electrode: 
𝑃𝑀𝑒 𝑠𝑢𝑟𝑓 + ℎ𝑣 → 𝑃𝑀𝑒∗ 𝑠𝑢𝑟𝑓         (B) 
𝑃𝑀𝑒∗ 𝑠𝑢𝑟𝑓 + 𝐻! 𝑎𝑞 → 𝑃𝑀𝑒 ∙! 𝑠𝑢𝑟𝑓 + !

!
𝐻! 𝑎𝑞      (C) 

At the illuminated electrode: 
𝑃𝑀𝑒 ∙! 𝑠𝑢𝑟𝑓  𝑜𝑟  𝑎𝑞 + 𝑒! → 𝑃𝑀𝑒 𝑠𝑢𝑟𝑓        (D) 
At the dark electrode: 
!
!
𝑍𝑛 𝑠 − 𝑒! → !

!
𝑍𝑛!! 𝑎𝑞          (E) 

Note that surf refers to surfactant sub-phase (micellar palisade layer or hydrocarbon core), with 
the aqueous pseudo-phase denoted by aq, even if it is not in its bulk state.  Thus, in operation, the 
system behaves as a membrane-free, single phase photogalvanic cell that is not based on an 
electron transfer relay within the bulk medium [5], but rather, behaves as though it is akin to a 
semiconductor photogalvanic device [6], even though it is semiconductor-free.  In this respect, 
our photogalvanic cells resemble the photo-ionic cells developed in parallel with our work by 
Girault [7]. 
 
Since spectral irradiance and irradiance (calculated from reference [8] using the protocols 
outlined in reference [9]) corresponding to the ASTM G173-03 Global Tilt AM 1.5 standard 
(solar spectrum at 1.5 atmospheres thickness, corresponding to a solar zenith angle of 48.2o) 
indicate that 35.5% of the solar spectrum illuminates in the blue (400-510 nm; 155.2 W m-2) and 
green/yellow (510-610 nm; 150.3 W m-2), the performance of our previous cell, although much 
better than other photogalvanic devices, suffers because it requires violet light.  Accordingly, in 
this work, we seek to engineer a improvement in the performance of our photogalvanic cell 
framework through “super-sensitization” around 500 nm, using tris(2,2’-bipyridyl)ruthenium(II) 
as a blue-green light energy harvester, so as to elicit light-induced electron transfer cascades 
within our photogalvanic cell device.  This strategy has been successfully implemented for a 
number of solar cells devices either in homogeneous solution [10], or immobilized onto metallic 
or semiconducting [11,12] electrodes.  Girault and Fermín also employed this species for 
efficient light-energy capture in their liquid | liquid solar cell [13].  An additional advantage of 
this species is that it will partition between the aqueous sub-phase and the micellar palisade layer 
(this ion is known to dissolve in both water and acetonitrile), so that we may treat the overall 
system through the photosynthesis-inspired model we developed in earlier work [5]. 
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This paper first summarizes the key molecular electrochemistry underpinning the super- 
sensitization route, and introduces the electrical characteristics of a perfect photogalvanic cell, 
which are used to compare with experimental cells. 
 
 

EXPERIMENTAL METHODS 
 
All chemical reagents (Brij 30, N-methylphenothiazine, Dy(NO)3.5H2O, KCl, 
Ru(bpy)3Cl2.6H2O, ZnCl2) were purchased from Sigma-Aldrich or Alfa Aesar in the purest 
commercially available grade, and used as received.  Water, with a resistivity of not less than 
18 MΩ cm, was taken from an Elgastat system (Vivendi).  Argon was obtained from BOC 
Gases.  Electrode materials were obtained from Alfa Aesar (for metal foils of Dy, Pt or Zn), or 
UQG for tin-doped indium oxide (ITO, of resistance 20 Ω per square, of thickness 25 nm on 
soda lime float with SiO2 layer).  Metal electrodes were cleaned and polished using wetted 
carborundum paper (P1200 grade, Presi, France) and stored under degassed, purified water prior 
to use;  ITO electrodes were rinsed with both ethanol and water, and dried immediately prior to 
deployment. 
 
The Lα phase (of density 0.99 g mL-1 at 293 ± 2 K;  concentrations of electroactive dopants are 
reported per unit volume of the phase) was prepared [3] under anerobic conditions by mixing 
approximately 5 g of Brij 30 with 5 g of argon-purged 0.1 M aqueous KCl, together with 
relevant masses of the electroactive dopants, followed by heating with stirring under a stream of 
argon to 340 K for approximately 1 h so as to allow the mixture to homogenise.  An aliquot of 
the hot, isotropic mixture was then poured, under argon, into a 5.0 mm diameter cavity that had 
been prepared by gluing a Teflon separator (of thickness 0.74 mm) onto the dark electrode (Dy, 
Pt or Zn), and which had been positioned within an horizontal field from a ferromagnet 
(1.1 gauss).  This solution was allowed to cool slowly (typically over the course of two hours) 
under an argon atmosphere to furnish the Lα phase, with the surfactant layer expected to be on 
top.  Last, an ITO electrode was allowed to cover the phase, and in contact with the surfactant 
subphase, and the two-electrode cell sealed with a low melting depilatory wax.  This electrode 
had been masked with Magic tape, so as to allow the exposure of only the material within the 
cavity to the electrode surface.  Electrical connection to both electrodes was achieved through 
the use of copper tape with conductive adhesive underside.  Polarising microscopy (using an 
Olympus BX-51 microscope) was employed to determine whether the Lα phase had formed in 
the cooled system. 
 
All electrochemical experiments were undertaken under ambient conditions of temperature 
(293 ± 2 K).  Chronopotentiograms wre recorded using a computer-controlled 
potentiostat/galvanostat (µAutolab Type III, Eco Chemie, of entry impedance >100 GΩ);  
current/voltage characteristics of the device under illumination were recorded manually by 
connecting the cell, in parallel to a Farnell DM141 multimeter acting as a voltmeter (of input 
impedance ~10 MΩ), and in series with a UNI-T UT50A multimeter acting as ammeter 
connected to a series variable load resistor.  Readings across and through the load were taken 
after both current and voltage had reached steady values, or after ca. 5 s (whichever was shorter).  
A 75 W Cairn Research Optosource xenon arc lamp equipped with monochromator was 
employed to introduce blue or green light (of centreband 450 nm or 530 nm, respectively, and 
bandwidth 30 nm) to the system.  The light intensity was monitored in each experiment using a 
Skye Instruments PAR Quantum radiometer.  Solution resistivity was measured using a 
CDM210 conductivity meter equipped with a four pole CDC511T conductivity cell (both 
Radiometer). 
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RESULTS AND DISCUSSION 
 
Following our earlier studies on inter-subphase electron transfer through the differential partion 
of the two halves of a redox couple as a route for long-range electron transfer, we chose to 
examine a system based on the photo-oxidation of N-methylphenothiazine (PMe) by tris(2,2’-
bipyridyl)ruthenium(II) in the Lα phase of Brij 30/0.1 M aqueous KCl.  In water, the 
ruthenium(II) species undergoes a metal-to-ligand charge transfer (MCLT, t2g à π*) [14] at 
452 nm (ε = 14.5 x 103 M-1 cm-1) with a broader, but weaker, absorption occurring at 549 nm 
(ε = 700 M-1 cm-1) owing to a spin-forbidden MLCT [14]. This species is expected to reside 
mainly within the aqueous subphase, since its size (~14 Å [15]) is too large to exist fully within 
the micellar palisade layer of the Lα phase of Brij 30 (tetraethylene glycol mono-n-dodecyl ether, 
for which the palisade layer is ~9 Å thick, with the total surfactant bilayer being ~38 Å, and the 
aqueous subphase thickness is ~23 Å [16]), although some ions will reside bathed by the dual 
aqueous/palisade layer environment.  In contrast, PMe resides within the surfactant subphase – 
its solubility in water at 293 K has been estimated as being ~2.6 µM [17], although its oxidized 
form (PMe+�) is known to escape in the aqueous subphase from micelles based on Triton X 100 
(polyethylene glycol tert-octylphenyl ether) [18] or Brij 35 (tricosaethylene glycol mono-n-
dodecyl ether, with kinetics ~5.5 x 10-4 s-1) [19].  In acetonitrile, PMe absorbs at 308 nm 
(ε = 5.2 x 103 M-1 cm-1), whilst PMe+� absorbs blue (λ = 441 nm;  ε = 3.6 x 103 M-1 cm-1), green 
(λ = 512 nm;  ε = 9.1 x 103 M-1 cm-1) and red (λ = 760 nm;  ε = 1.2 x 103 M-1 cm-1) light [20].  
Whilst the excited state Ru(bpy)3

2+* can engage in both oxidative and reductive quenching, the 
excited state PMe* is a good reductant and PMe+�* is a good oxidizing agent [20]. 
 

  
Figure 1- Redox potential diagram for the photoredox active species employed in this work given in water or 

estimated in acetonitrile [3,14,21-23].  Note that the scale used is reversed when considering redox potentials at 
semiconducting electrodes. 

 
 
A redox potential diagram for these species is given [3,14,21-23] in Figure 1, where it is readily 
appreciated that Ru(bpy)3

2+*/Ru(bpy)3
+ and PMe+�/PMe hold essentially matched redox 

potentials, so that light-induced long-range electron transfer should be possible across the 
pseudophase | pseudophase interface;  it is known that the self-exchange kinetics of PMe/PMe+� 
are faster in non-aqueous media than water [24], and that, in homogeneous alcoholic solution, 
the reaction 
Ru(bpy)3

2+* + PMe à Ru(bpy)3
+ + PMe+�       (F) 

proceeds with a rate constant (~109 M-1 s-1) that is a factor of three smaller than the back reaction 
[25-29]: 



 5 

Ru(bpy)3
+ + PMe+� à Ru(bpy)3

2+ + PMe       (G) 
Although micellar association to non-ionic surfactants tends to inhibit bimolecular electron 
transfer kinetics by at least two orders of magnitude [25,26]. 
 
Accordingly, we constructed photogalvanic cells of the type given in equation (H) 
Pt | Ru(bpy)3

2+, PMe(Brij 30/0.1 M KCl(aq)) | ITO      (H) 
Figure 2a(i) depicts the change in the open circuit voltage of the device when green light 
(530 nm centreband) is introduced through the tin-doped indium oxide electrode, the increase in 
the potential difference of the latter versus the platinum counter electrode indicates a reductive 
electrode reaction occurring on the ITO, consistent with the electrode competing with Ru(bpy)3

+ 
as a scavenger of PMe+�. 

 
(a)(i)      (a)(ii) 

 

(b)      (c) 

 

Figure 2- (a) Variation of the open circuit voltage in the absence and presence of light from various states of 
discharge.  (i)For the cell Pt | Ru(bpy)3

2+(c=5.3 mM),PMe(c=8.5 mM)(Brij 30/0.1 M aqueous KCl | ITO using light 
at 530 nm (centreband), 30 nm bandwith, I0=2.2 mW cm-2.  (ii) For the cell 

Zn | Zn2+(c=12.0 mM),Ru(bpy)3
2+(c=5.8 mM),PMe(c=14.7 mM)(Brij 30/0.1 M aqueous KCl | ITO using centreband 

light at 450 nm (I0=2.6 mW cm-2, blue) or 530 nm (I0=2.2 mW cm-2, red), 30 nm bandwith.  Green traces represent 
the cell Dy | Dy3+(c=2.5 mM),Ru(bpy)3

2+(c=4.0 mM),PMe(c=10.4 mM)(Brij 30/0.1 M aqueous KCl | ITO using 
centreband light at 450 nm (I0=2.6 mW cm-2), 30 nm bandwidth.  (b)  Current/voltage characteristics of the cells in 

(a)(ii).  Key as above.  (c) Power curves for the cells in (a)(ii).  Key as above. 
The solid lines in (b) and (c) illustrate the comparison of the experimental data with those anticipated for a perfect 

photogalvanic cell using equation (6):  Rs = 133.0 Ω and Cdl = 9.9 ± 3.1 mF (blue and red) or 276.3 Ω and 
3.2 ± 1.1 mF (green), with ξ = 1.16 V (blue);  ξ = 0.74 V;  ξ = 0.82 V (green);  t = 5.00 s.  ξ taken as twice the 

voltage at maximum power. 
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In order to increase the absolute value of the open circuit photovoltage, the following cell was 
constructed. 

Zn | Zn2+, Ru(bpy)3
2+,PMe(Brij 30/0.1 M KCl(aq)) | ITO 

As expected, the use of a sacrificial anode causes the cell voltage at open circuit to be dominated 
by its potential (Figure 2a(ii)) [30].  It should be stressed that zinc electrodes for these aqueous 
systems afford the most negative value for the anode;  use of a more electropositive metal (such 
as dysprosium) results in a poorer performance of the cell, probably due to hydrogen evolution 
being a more effective competing reaction.  Ignoring non-radiative relaxation phenomena and 
counter ion movements across the pseudophase | pseudophase interface, we suggest the 
following processes occur [20-29,31-34]. 
Near the illuminated electrode: 
𝑅𝑢 𝑏𝑝𝑦 !

!! !!
𝑅𝑢 𝑏𝑝𝑦 !

!!∗         (I) 

𝑅𝑢 𝑏𝑝𝑦 !
!!∗ + 𝑃𝑀𝑒 𝑅𝑢 𝑏𝑝𝑦 !

! + 𝑃𝑀𝑒!∙       (J) 

𝑅𝑢 𝑏𝑝𝑦 !
! + 𝑃𝑀𝑒!∙ 𝑅𝑢 𝑏𝑝𝑦 !

!! + 𝑃𝑀𝑒       (K) 
At the illuminated electrode: 
𝑃𝑀𝑒!∙ + 𝑒! ⇄ 𝑃𝑀𝑒          (L) 
At the dark electrode: 
!
!
𝑍𝑛 − 𝑒! ⇄ !

!
𝑍𝑛!!          (M) 

 
Current/voltage characteristics under illumination of the above cell are illustrated in Figure 2b 
and Table 1.   

Table 1- Characteristics of typical experimental cells constructed 
 

λa 

/nm 
ρb 

/Ω cm 
I0

c 

/mW cm-2 
ξd 

/V 
jsc

e 

/mA cm-2 
Vmp

f 

/V 
pmax 

/mW cm-2 
ηh 

/% 
FFi 

/% 
Zn | Zn2+(c = 12.0 mM), Ru(bpy)3

2+(c = 5.8 mM), PMe(c = 14.7 mM)(Brij 30/0.1 M aqueous KCl) | ITO 
450 353 2.6 1.38 0.50 0.58 0.12 4.6 19 
530 353 2.2 1.48 0.51 0.37 0.11 5.0 17 

Dy | Dy3+(c = 2.5 mM), Ru(bpy)3
2+(c = 4.0 mM), PMe(c = 10.4 mM)(Brij 30/0.1 M aqueous KCl) | ITO 

450 733 2.6 1.62 0.22 0.41 0.05 1.8 15 
aCentreband wavelength;  bresistivity of the lyotropic liquid crystal – the data reported are measured using a digital multimeter and compare to the 
measured value of 2.40 kΩ cm for the medium for Figure 1(a)(i) and 10.4 Ω cm for 0.1 M aqueous KCl when a conductivity probe is immersed 
into the medium;  cintensity of incident light;  dopen circuit voltage (measured using a commercial potentiostat/galvanostat of input impedance 
>100 GΩ);  ecurrent density at short circuit;  fvoltage at maximum power;  gpower density at maximum power;  hmaximum power conversion 
efficiency, calculated through equation (9);  ifill factor, calculated through equation (8). 
 
Note that the method by which these data were obtained (illumated charging to at least 10% of 
the maximum photovoltage under open circuit conditions, followed by electrical discharge 
through variation of the resistance, Rext, placed in the external circuit between the two terminals 
of the cell during illumination) is tantamount to a series of multiple current steps, waiting until 
the end of the “current pulse” before the photocurrent and photovoltage are sampled.  In this 
way, the photovoltage developed across the terminals of the cell will attain the value iphotoRext, 
where iphoto is the photocurrent, and affects the positive pole by diminishing its potential, until, at 
short circuit, the both electrodes hold identical potentials.  In this manner, the power discharged 
through the load resistance is i2

photoRext.   
 
The electrical characteristics of perfect photogalvanic cell can be considered through the Randles 
equivalent circuit depicted in Figure 3 [5,6]. 
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Figure 3- Randles equivalent electrical circuit for a perfect photogalvanic cell, which comprises voltage generation 
through the discharge of the Faradaic component (represented as involving a mass transfer resistance Rox/red and a 

kinetic polarisation Eox/red) occurring in parallel with discharge of the interfacial capacitance, Cdl, and in series with 
the internal resistance, Rs.  This galvanic cell is discharged through an external load resistor, Rext, not shown. 

  
In this circuit, the electrode reactions are represented as a battery (existing only under 
illumination) which exhibits an internal resistance, Rs, and with the electromotive force of the 
photogalvanic cell, ξ, comprising contributions due to the Faradaic charging of the battery redox 
chemistry, V0, and the charging of the capacitances at each of the two electrodes, and across all 
the individual subphases, to afford a single value, Cdl.  This system is discharged through a load 
resistance, Rext, which is not illustrated in Figure 3.  We assume that the cell is fully charged 
prior to discharge, so that the initial charge on the capacitor is q0: 

𝑞! = 𝐶!"𝑉!         (1) 
Thus, the electromotive force of the cell is given by equation (2): 

𝜉 = 𝑉! =
!!
!!"

         (2) 
During the discharge of the cell under constant illumination (viz., assuming there is no Lambert-
Beer attenuation of illumination across the pertinent diffusion length close to the illuminated 
electrode, and all photochemical reactions occur with unity quantum yield [5]), the potential 
difference across the photogalvanic cell (V) decreases through Ohm’s law: 

𝑉 = !
!!"
− 𝑖𝑅!         (3) 

provided that neither activation nor concentration polarization occurs within the photogalvanic 
cell.  This is a reasonable assumption provided that all electrode kinetics are fast so that large 
currents flow, and that the transport lengths over which the reagents traverse are restricted to 
values smaller than the diffusion layer thickness.  We further assume there is no “leakage” 
current – all elements of the equivalent circuit are expected to behave perfectly.  Since the 
passage of current decreases the charge on the capacitor, we may write for the flowing current: 

𝑖 = − !"
!"

         (4) 
and thence, integration, assuming Cdl and V are not a function of time, using the boundary 
condition q = q0 when t = 0, affords the time (t)-dependent charge: 

𝑞 = 𝑉𝐶!" 1− 𝑒
! !
!!!!" + 𝑞!𝑒

! !
!!!!"      (5) 

This gives rise the a linear current/voltage characteristic: 

𝑖 = !
!!

𝜉 − 𝑉 𝑒
! !
!!!!"        (6) 

with terminal potential difference at the point of maximum power, Vmp, being half of the 
electromotive force (the potential difference when i = 0);  the current at maximum power, imp, 
being half of the short-circuit current (isc, the maximum current flowing when V = 0), and the 
maximum power delivered by the perfect photogalvanic cell, pmax, being given by: 

𝑝!"# = 𝑖!"𝑉!" =
!
!
𝑖!"𝜉       (7) 

The fill factor (FF, a measure of the quality of the device) for a perfect photogalvanic cell is 
defined as:   

𝐹𝐹 = 100× !!"#
!!"!

        (8) 
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is merely 25%, and the power conversion efficiency (η, the ratio of the electrical power delivered 
to the input light energy, I0) is defined as: 

𝜂 = 100× !!"#
!!

        (9) 
 
In the light of these expressions, it is seen that the current/voltage characteristics of the 
experimental cells resemble that for a perfect photogalvanic cell discharged through the internal 
resistance [6], as expected, with a high medium resistivity (typically ~1 kΩ cm, corresponding to 
an internal resistance of ca. 100 Ω) c.f. 0.1 M aqueous KCl (~10 Ω cm).  Note that Ohmic losses 
do not affect the illuminated charging process, as this occurs under open circuit conditions 
(where the current passed through the circuit is zero);  in contrast, the terminal cell voltage under 
discharge is due to this internal resistance (Rs) and also due to capacitative effects.  It is clear that 
there is a reasonable fit between the experimental data and equation (6) for a perfect 
photogalvanic cell, with internal resistance Rs ranging between 130-280 Ω, and capacitance, Cdl 
in the range 15–70 mF cm-2 (corresponding to specific capacitances of 0.2–0.9 F g-1), with worse 
fitting occurring at low current.  This is not surprising, since the model breaks down in the 
activation polarization regime (which corresponds to small currents), and zinc oxidation is 
known to be kinetically sluggish [30], with a standard heterogeneous rate constant ~10-4 cm s-1.  
The unexpected low resistance (~150 Ω) and high capacitance (~50 mF cm-2) of these cells 
impart an high time constant for these devices:  RsCdl ~ 1.5 s;  we attribute these to transient 
pore-type defects arising within the lamellæ, driven by an electroporation phenomenon [35], that 
is reversible under open circuit charging. 
 
The variation in the power density under load is illustrated in Figure 2c;  we observe, for the zinc 
cells, maximum power densities of 110 µW cm-2 at 0.5 V;  for the devices constructed in this 
work, the optimum load of these cells is ~12 kΩ (determined as the ratio of the square of the 
voltage at maximum power to the maximum rate of energy converted), with fill factors typically 
15-20%, indicating that these devices are of good quality.  Using the current/voltage data, 
maximum light-to-electrical power conversion efficiencies of 4.5-5.0% in monochromatic blue 
and green light (see Table 1) occur, commensurate with that anticipated from mathematical 
model we developed for this case [5].  This value is over twice as large as that we had observed 
without the presence of a super-sensitizer [3], and indicates that these formulated, 
semiconductor-free systems, which employ readily available and inexpensive reagents hold 
promise for low cost solar-to-electrical energy conversion devices. 
 
Extrapolation of these data to AM 1.5 conditions (assuming direct proportionality between 
power produced and incident light intentisty, with 20.9 mW cm-2 solar irradiance for AM 1.5 
between 420-560 nm, results in ~1% power conversion efficiencies – a value that is 20 times 
larger than that extrapolated by Girault and Fermín for their biphasic cell [13], clearly 
highlighting how the lyotropic liquid crystalline framework affords benefit, even when operating 
under un-optimized experimental conditions.  Nevertheless, based on our earlier model for a 
single phase system [5], we suggest that caution is exercised in extrapolating power conversion 
efficiencies made experimentally under monochromatic conditions to those corresponding to one 
Sun;  our estimates reported here are, at best, sanguine. 
 
 

CONCLUSIONS 
 
In summary, we have sought to exploit Ru(bpy)3

2+ as a visible light super-sensitizer incorporated 
within an appropriate electron transfer cascade, based on an electrically conductive, quasi-
biphasic, structured liquid nanosystem, and coupled with a sacrificial anode, to empower 
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semiconductor-free photoelectrochemical capacitors.  The materials are readily available and 
inexpensive, so that solar-to-electrical energy conversion can be accomplished at low cost.  The 
system behaves as a regenerative device and, because it is a liquid crystal, is cable of self-
organisation.  The electrical characteristics of ~0.5-1.0 F g-1 specific capacitance and a 5.0% 
maximum power conversion under green light (of intensity 2.2 mW cm-2), with an almost perfect 
fill factor (~20%) appear to hold promise for at most 1% efficient solar-to-electrical conversion 
under one Sun conditions, and are suitable to power low-end and simple portable electronic 
devices. 
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