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Superhydrophobic Carbon Nanotube Electrode Produces a 
Near-Symmetrical Alternating Current from Photosynthetic 
Protein-Based Photoelectrochemical Cells 
 The construction of protein-based photoelectrochemical cells that produce 
a variety of alternating currents in response to discontinuous illumination 
is reported. The photovoltaic component is a protein complex from the 
purple photosynthetic bacterium  Rhodobacter sphaeroides  which catalyses 
photochemical charge separation with a high quantum yield. Photoelec-
trochemical cells formed from this protein, a mobile redox mediator and a 
counter electrode formed from cobalt disilicide, titanium nitride, platinum, 
or multi-walled carbon nanotubes (MWCNT) generate a direct current during 
continuous illumination and an alternating current with different character-
istics during discontinuous illumination. In particular, the use of superhydro-
phobic MWCNT as the back electrode results in a near symmetrical forward 
and reverse current upon light on and light off, respectively. The symmetry of 
the AC output of these cells is correlated with the wettability of the counter 
electrode. Potential applications of a hybrid biological/synthetic solar cell 
capable of generating an approximately symmetrical alternating current are 
discussed. 
  1. Introduction 

 At the heart of natural photosynthesis, reaction center pigment-
proteins use harvested light energy to power a linear or cyclic 
fl ow of electrons. [  1–3  ]  Photochemical charge separation occurs 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com

 DOI: 10.1002/adfm.201301057 

  Dr. S. C. Tan, [+]  Prof. M. E. Welland
Nanoscience Centre
University of Cambridge
11 JJ Thomson Avenue, Cambridge CB3 0FF, UK
 E-mail:  sctan@mit.edu   
 Dr. F. Yan, Prof. J. Robertson
Engineering Department
University of Cambridge
9 JJ Thomson Avenue, Cambridge, CB3 0FA, UK 
 Dr. L. I. Crouch, [++]  Dr. M. R. Jones
School of Biochemistry
University of Bristol
University Walk, Bristol BS8 1TD, UK 
  [+] Present address: Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, 77 Massachusetts Avenue, 
Cambridge, MA 02139, USA 
  [++] Present address: Institute for Cell and Molecular Biosciences, 
Medical School, University of Newcastle, Newcastle upon Tyne, 
NE2 4HH, UK  
in these systems with a quantum yield 
(event per photon absorbed) close to unity, 
and there is growing interest in how 
reaction center proteins can be directly 
exploited for device applications in photo-
voltaics, biosensing, photodetection, fuel 
synthesis and biocomputing. [  4–15  ]  Key 
to the development of these new hybrid 
technologies is the effective interfacing of 
proteinaceous reaction centers with man-
made materials. 

 A fundamental feature of solar cells 
based on doped silicon, photoactive dyes 
or polymer blends [  16  ]  is that illumination 
produces a fl ow of direct current (DC) that 
rapidly drops to zero if illumination is ter-
minated. Photoelectrochemical cells based 
on electrodes coated with a variety of photo-
synthetic proteins have been observed to 
produce a similar light-dependent DC 
output. [  17–25  ]  However, novel protein-based 
photoelectrochemical cells have recently 
been described that produce a conventional DC in response to 
continuous illumination, but an unusual alternating current 
(AC) under conditions of discontinuous illumination. [  26  ]  These 
cells use as the photovoltaic material either the reaction center 
pigment-protein from the purple bacterium  Rhodobacter  ( Rba. ) 
 sphaeroides , or the so-called RC-LH1 complex that is formed 
between this reaction center and an encircling LH1 light har-
vesting protein. [  27  ]  As shown in  Figure    1  a, in both types of pro-
tein the absorption of light energy produces a high quantum 
yield photochemical charge separation in which a pair of bacte-
riochlorophyll molecules at one end of the reaction center pro-
tein (denoted P) is oxidized and a ubiquinone at the other end 
of the protein (denoted Q B ) is reduced. Photoelectrochemical 
cells were fabricated by encapsulating solutions of reaction cen-
tres or RC-LH1 complexes and the redox mediator  N , N , N  ′ , N  ′ -
tetramethyl- p -phenylenediamine (TMPD) in a  ≈ 10  μ L volume 
cavity between a transparent FTO-glass front electrode and a 
back electrode formed from platinum-coated FTO-glass. Illumi-
nation of these cells produced a steady DC, but when illumina-
tion was switched off the current output did not drop to zero 
in the conventional manner but rather fl owed in the reverse 
direction for approximately 20s. Modulation of illumination at 
a suitable frequency therefore elicited an AC output that was 
stable over multiple light-on/light-off cycles. [  26  ]   
im Adv. Funct. Mater. 2013, 23, 5556–5563
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     Figure  1 .     Composition and mechanism of protein photoelectrochemical cells. a) Schematic 
of light-powered electron transfer by RC-LH1 complexes that are closely associated with the 
FTO-glass front electrode. Photons are absorbed mainly by the bacteriochlorophyll and carot-
enoid pigments of the LH1 light harvesting pigment-protein, and excitation energy is passed by 
Förster transfer (dashed arrow) to a pair of “primary electron donor” bacteriochlorophylls (P) in 
the central reaction center protein. Photo-excitation of P triggers a charge separation through 
the cofactors of the reaction centre (thin grey arrows) to form a primary donor cation (P  +  ) at 
one end of the reaction centre protein and a reduced quinone (Q B   −  ) at the other. P  +   is reduced 
by the adjacent FTO-glass electrode whilst electrons are shuttled from Q B  to the back electrode 
by the TMPD electrolyte (solid black arrows). b) Schematic showing the vacuum potentials of 
key components. Photoexcitation of P to P ∗  changes its redox potential and triggers electron 
transfer to the Q B  quinone. With TMPD or, for CoSi 2 , PMS as mediator a fl ow of direct current 
is observed to the back electrode.  
 Mechanisms accounting for the DC and AC outputs of cells 
of this design have been formulated on the basis of the direc-
tion of current, the vacuum potentials of the components of the 
cell (Figure  1 b), known electron transfer properties of the medi-
ator and the multiple redox cofactors of the reaction center, 
the relative hydrophilicities of the electrode materials, action 
spectra of current density and the effects of a reaction center 
inhibitor, [  26  ]  together with the results of varying the electrolyte 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 5556–5563
solution to boost the open circuit voltage 
( V  OC ). [  28  ]  A characteristic excitation wave-
length dependence of the DC density, and 
the absence of a DC output in the presence of 
an inhibitor of electron transfer through the 
reaction center protein, demonstrated that the 
source of the DC was photochemical charge 
separation between the bacteriochlorophyll 
and quinone cofactors of the reaction center 
protein, shown schematically in Figure  1 a. As 
only a single redox mediator was employed 
it was reasoned that the photoactive RC-LH1 
complexes adhere to one of the cell’s two elec-
trodes, facilitating a direct electrical contact 
between this working electrode and one of 
the two possible “terminals” of the RC-LH1 
complex, with the TMPD mediator shut-
tling electrons from the other terminal of the 
RC-LH1 protein to the counter electrode. [  26  ]  
It was concluded that it was more likely that 
the FTO-glass front electrode would bind the 
photoactive protein (Figure  1 a), as this mate-
rial is much more hydrophilic than the Pt 
used for the back electrode (as inferred from 
measured contact angles with a 5  μ L droplet 
of water of 18.7 °  and 93.8 ° , respectively [  26  ] ). 
In the derived mechanism for the DC output 
from this cell (Figure  1 a), photochemical 
charge separation produced electrons at the 
quinone terminal of the reaction center pro-
tein (Q B   −  ) that were shuttled to the counter 
electrode by the TMPD mediator (Figure  1a ), 
with the photo-oxidized terminal of the reac-
tion centre protein (P  +  ) being re-reduced by 
electrons from the adjacent FTO-glass anode 
(Figure  1 a). This mechanism is consistent 
with the vacuum potentials for TMPD, the 
two electrodes and the P  +   and Q B   −   redox 
centers within the reaction center protein 
(Figure  1 b). [  26  ]  

 Regarding the mechanism underlying the 
AC output under discontinuous illumina-
tion, a reproducible feature of the short cir-
cuit current ( J  SC ) recorded immediately after 
the onset of illumination was a  ≈ 10–20 s 
transient spike that was attributed to an over-
reduction of the multiple electron transfer 
cofactors within each reaction center, and an 
accompanying over-oxidation of the TMPD/
TMPD  +   electrolyte solution. A representative 
current profi le for a cell formed from RC-LH1 
protein with Pt as the counter electrode is shown in  Figure    2  a. 
Creation of this difference in potential between the reaction 
center and TMPD ‘compartments’ was consistent with docu-
mented slow oxidation of the reaction center quinone cofactors 
by TMPD  +   creating a bottleneck for electron fl ow within the 
cell. [  26  ]  Under continuous illumination a conventional steady 
DC was produced in the period after the initial spike of current 
fl ow had decayed, indicated by the dashed line in Figure  2 a. 
5557wileyonlinelibrary.comeim
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     Figure  2 .     Characteristics of DC and AC output of Pt/TMPD photoelec-
trochemical cells. a) Time dependence of  J  SC  produced under continuous 
illumination. b) Time dependence of  J  SC  produced in response to a single 
20 s period of illumination. The amplitude of the DC component during 
illumination is indicated by the dashed line.  

     Figure  3 .     a) Tunneling electron microscopy image of a single CNT. 
b) CCD camera image of a  ≈ 5  μ L drop of deionised water placed on a 
MWCNT surface; contact angle  =  160.9 ° . Scanning electron microscopy 
images c) at 45 °  to a MWCNT surface before wetting, and d) at 45 °  to a 
MWCNT surface after wetting and drying in air.  
However, on switching off illumination to such a cell an unu-
sual transient reverse current was observed (positive defl ection 
at  t   =  26 s in Figure  2 b) that represented discharge of the poten-
tial difference between the over-reduced reaction center cofac-
tors and the over-oxidized TMPD/TMPD  +   electrolyte through 
the external circuit connecting the electrodes of the cell. [  26  ]  This 
alternating forward/reverse output was seen reproducibly in 
response to multiple light-on/light-off cycles, and was obtained 
even if electron transfer through the reaction centre quinone 
sites was blocked using an inhibitor thus preventing photogen-
eration of DC. [  26  ]  The actual kinetics of the spikes of forward 
and reverse current following light-on and light-off events may 
have been infl uenced by diffusion of the electrolyte in response 
to the developments and dissipation, respectively, of the poten-
tial difference within the cell.  

 As well as providing a source of direct photocurrent for appli-
cations in photovoltaics, photocatalysis and biosensing, cells of 
this type also therefore produce an alternating photocurrent 
that has the potential to be exploited in novel ways (see below). 
However, a possible drawback in the further development of 
this hybrid technology towards device applications is the use 
of platinum, a rare and extremely expensive metal, as the back 
58 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
electrode. The present work therefore set out to explore the 
ability of an electrode formed from multi-walled carbon nano-
tubes (MWCNTs) to support both direct and alternating cur-
rents from protein-based photoelectrochemical cells. During 
the course of this it was discovered that the material used for 
the counter electrode has a strong infl uence on the symmetry 
of the AC obtained under discontinuous illumination, the likely 
origin being the propensity of this material to interact with the 
proteins that support the fl ow of photocurrent. This fi nding 
opens up the prospect of being able to fabricate cells capable of 
different types of DC and/or AC output by exploiting different 
combinations of photoactive proteins, mediators and man-
made materials.   

 2. Results and Discussion 

 To provide an alternative counter electrode for the fabrication of 
a protein-based photoelectrochemical cell, “forests” of MWCNTs 
were grown on a cobalt disilicide substrate according to a proce-
dure described recently. [  29  ]  Cobalt disilicide was selected as the 
substrate because it has resistivity as low as Au and Pt and is 
commonly used as contacts in CMOS devices. [  30  ,  31  ]  Tunneling 
electron microscopy (TEM) showed that a typical MWCNT had 
a diameter of around 15 nm and was made up from ten layers 
of graphene sheet ( Figure    3  a). The layer of MWCNTs exhibited 
the expected superhydrophobicity, [  32  ,  33  ]  a 5  μ L drop of deion-
ised water placed on the MWCNT substrate displaying a very 
high contact angle of 160.9 °  (Figure  3 b). The morphology of the 
resulting MWCNT forest was examined by scanning electron 
microscopy (SEM), revealing a closely packed and entangled 
layer with a height of approximately 7  μ m (Figure  3 c). These 
characteristics were retained following prolonged immersion of 
the MWCNT layer in liquid, its morphology being essentially 
unaffected by submersion under a  ≈ 1 cm layer of deionised 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5556–5563
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     Figure  4 .     Time dependence of  J  SC  produced by a) a MWCNT/TMPD cell under continuous 
illumination, b) a MWCNT/TMPD cell exposed to 20 s light-on/light-off cycles, c) a MWCNT/
TMPD cell exposed to 2 s light-on/light-off cycles, d) a Pt/TMPD cell exposed to 2 s light-on/
light-off cycles.  
water for 24 h, followed by drying in air (Figure  3 c, compared 
with Figure  3 d).  

 Photoelectrochemical cells employing MWCNTs as the back 
electrode were fabricated using the simple procedure described 
in the Experimental Section, with a mixture of purifi ed RC-LH1 
protein and TMPD electrolyte solution being injected into a 
narrow cavity between a fl uorine-doped tin oxide (FTO) glass 
front electrode and the MWCNT back electrode. Photochro-
noamperometry of such MWCNT/TMPD cells was conducted 
under conditions of either continuous or modulated illumina-
tion from white light passed through a 570 nm long-pass fi lter. 
Illumination of a MWCNT/TMPD cell produced a spike of cur-
rent fl ow immediately upon illumination that settled down over 
a period of  ≈ 40 s to a steady  J  SC  of  ≈ 170 nA/cm 2  ( Figure    4  a), 
similar in magnitude and direction to the  ≈ 150 nA/cm 2  current 
seen previously for RC-LH1 cells with a Pt-coated back electrode 
(Figure  2 a). [  26  ]  The direction of current fl ow was from the FTO-
glass front electrode into the device, and for convenience this 
is henceforth referred to as “forward current”. Exposure to dis-
continuous illumination (alternating 20 s periods of light and 
dark) resulted in spikes of rapid forward current following each 
dark-to-light transition, and a similar reverse current following 
each light-to-dark transition (Figure  4 b). This cell therefore dis-
played the AC seen previously for equivalent Pt/TMPD cells, 
but notably the maximum amplitude of the reverse current was 
up to three times larger than seen previously in equivalent Pt/
TMPD cells. [  26  ]  This difference in the relative amplitudes of 
the forward and reverse currents was seen in multiple devices. 
Figures  4 c,d compare the AC output of MWCNT/TMPD and 
Pt/TMPD cells exposed to 2 s light-on/light-off cycles; the ini-
tial amplitude of the reverse current was  ≈ 90% that of the for-
ward current in the former compared to  < 50% in the latter.  
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 5556–5563
 Given that the other components were 
unchanged, this increased symmetry of the 
AC output must have been attributable to 
the change in the material used for the back 
electrode from Pt to MWCNTs. A notable dif-
ference between the two materials is their 
wettability, a property that could be of signifi -
cance if the output of cells of this type has the 
potential to be modulated to some extent by 
unproductive adherence of protein to the back 
electrode. It would be expected that the extent 
of protein adherence should be affected by 
wettability, and should be minimal for a supe-
rhydrophobic material such as a MWCNT 
forest ( Figure    5  a) but greater for a less hydro-
phobic material such as Pt (Figure  5 b). Where 
it occurs to a signifi cant extent such protein 
adherence could physically block access of the 
electrolyte to the back electrode. In addition, 
as illustrated by the white arrows in Figure  5b , 
it is also possible that the current output char-
acteristics of the device immediately after 
termination of illumination could be modu-
lated through electron tunneling between the 
back electrode and adhered, photo-activatable 
protein. Some indication of the latter was 
seen on comparing the  V    produced by Pt/
OC

TMPD and MWCNT/TMPD cells under continuous illumina-
tion, a parameter that has recently been shown to be linearly 
dependent on the vacuum potential of the electrolyte that 
shuttles electrons to the back electrode. [  28  ]  The measured  V  OC  
was higher for the MWCNT cell than for the otherwise iden-
tical Pt cell (Figure S1a of the Supporting Information), which 
could be taken as evidence that the  V  OC  of the Pt/TMPD cell 
was attenuated by interactions between the Pt electrode and a 
layer of adhered protein. A similar fi nding was obtained with Pt 
and MWCNT cells fabricated with a more reducing mediator, 
phenazine methosulphate (PMS), as the electrolyte (Figure S1b 
of the Supporting Information); the cells with a superhydro-
phobic MWCNT counter electrode produced a much higher 
steady  V  OC .  

 The dependence of the symmetry of the AC output on the 
wettability of the counter electrode was examined further using 
alternative materials. Fabrication of the MWCNT electrode 
involved the preparation of a CoSi 2  surface to act as a base 
layer, and as part of that process a 20 nm thick TiN fi lm was 
used as a capping layer to prevent oxidation of Co during sili-
cidation. [  34  ]  Both of these materials can act as electrodes, [  35  ]  and 
have work functions in the same region as MWCNTs ( − 4.62 eV 
for CoSi 2  [  36  ,  37  ]  and  − 4.8 eV for TiN [  38  ]  compared to  − 4.95 eV 
for MWCNTs [  39  ]  (Figure  1 b)). However both CoSi 2  and TiN are 
markedly more hydrophilic than MWCNTs, yielding contact 
angles with a droplet of water of 53.2 °  and 64.3 ° , respectively 
(Figure S2; Supporting Information), intermediate between 
previously measured values for a Pt electrode (93.8 ° ) [  26  ]  and 
for the highly hydrophilic FTO-glass front electrode (18.7 ° ). [  26  ]  
Following the argument presented above, the expectation was 
therefore that both CoSi 2  and TiN would be more prone to 
binding RC-LH1 protein than Pt (Figure  5 b compared with 
5559wileyonlinelibrary.comeim
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     Figure  5 .     Schematics of protein adherence in photoelectrochemical cells 
with a) MWCNT or b) Pt or TiN/CoSi 2  counter electrodes. Arrows show 
possible electron donation to electrodes following cessation of illumi-
nation that contribute to (dark grey) or attenuate (white) the extent of 
reverse current fl ow.  

     Figure  6 .     Time dependence of  J  SC  produced by a) a CoSi 2 /TMPD cell 
exposed to 5 s light-on/light-off cycles or b) a TiN/TMPD cell exposed to 
20 s light-on/light-off cycles.  
Figure  5 a), with the prediction that these materials should sup-
port a less symmetrical AC output than Pt. 

 Cells assembled using a CoSi 2  electrode and fi lled with a mix-
ture of RC-LH1 protein and TMPD produced a light-induced 
spike of current fl ow that dropped to zero within a couple of 
seconds ( Figure    6  a), with no subsequent steady-state DC (see 
Supporting Information Figure S3a for a single light-on/light-
off cycle). The reason for this is discussed below. However, an 
AC was obtained from CoSi 2 /TMPD cells (Figure  6 a), exposure 
to alternating 5 s periods of light and dark resulting in spikes 
of rapid forward current following each dark-to-light transition, 
and a lower amplitude and more slowly decaying reverse current 
following each light-to-dark transition. Cells assembled using a 
TiN electrode were able to support both an AC and a DC, the 
560 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
latter having an amplitude of  ≈ 140 nA/cm 2  after a relatively large 
spike of initial photocurrent fl ow (Figure  6 b; and see a trace 
recorded under continuous illumination in Supporting Infor-
mation Figure S3c). In the case of the AC it was striking that the 
peak amplitude of the forward current, typically  ≈ 7000 nA/cm 2  
was much larger than the 500–1000 nA/cm 2  observed for Pt, 
CoSi 2  or MWCNT-based cells, and the peak reverse current was 
also proportionately larger. Irrespective of absolute amplitude 
however, both the TiN and CoSi 2  cells produced a markedly less 
symmetrical AC than that observed for either the MWCNT or Pt 
cells (Figure  6 a,b compared with Figure  4 c,d), with in both cases 
the peak amplitude of the forward current being several times 
larger than that of the reverse current.  

 A likely explanation for the absence of a DC output from 
the CoSi 2 /TMPD cells was that the work function of CoSi 2  
( − 4.62 eV) [  36  ,  37  ]  is too reducing for it to act as an electron 
acceptor from the TMPD mediator (at  − 4.73 eV) [  40  ]  (Figure  1 b). 
To investigate this, cells with a CoSi 2  back electrode were also 
fabricated with PMS as electrolyte, as this has a vacuum poten-
tial of  − 4.51 eV [  40  ]  which is more reducing than that of either 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5556–5563
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   Table  1.     Characteristics of AC output from protein cells with different 
back electrodes. 

Back 
electrode

AC forward 
maximum a)  

[nA/cm 2 ]

AC reverse 
maximum a)  
[nA/cm 2 ]

AC 
symmetry b)  

Electrode 
Contact 
Angle [ ° ]

Resistivity 
[ μ  Ω  cm]

MWCNT 1000 800 0.800 160.9 10 [41] 

Pt  ≈ 900 300 0.333 93.8 10 [42] 

TiN 7000 1000 0.142 64.3 10 [43] 

CoSi 2 500 50 0.100 53.2 40 [30] 

    a) Typical values from multiple light-on/light-off cycles;      b) Maximum reverse current 
divided by maximum forward current.   
TMPD or CoSi 2  (Figure  1 b). Under continuous illumination 
these CoSi 2 /PMS cells produced an initial spike of forward 
current followed by modest steady DC of  ≈ 10–15 nA/cm 2  (Sup-
porting Information Figure S3b), supporting the conclusion 
that a steady photo-induced DC output from cells of this design 
was dependent on the relative vacuum potentials of the electro-
lyte and the back electrode. 

 Summarizing the data obtained under discontinuous illumi-
nation, an AC output was obtained from photoelectrochemical 
cells containing RC-LH1 protein and TMPD irrespective of 
whether the back electrode was fabricated from Pt, CoSi 2 , TiN 
or MWCNTs, but the symmetry of the AC varied considerably. 
Typical maximum amplitudes for the forward and reverse com-
ponents of the AC obtained from the various cells are collated 
in  Table    1  , as are the measurements of contact angle for the 
back electrode specifi ed above, and a measure of the symmetry 
of the AC obtained by expressing the typical peak reverse cur-
rent as a function of the typical peak forward current. As can 
be seen from the plot of the latter two parameters in  Figure    7  , 
the symmetry of the AC signal increased approximately linearly 
with increasing hydrophobicity of the back electrode. Although 
the reason for this trend remains to be proven, as argued above 
a likely source is a decreased propensity for protein to adhere 
to the back electrode as its wettability decreases. Table  1  also 
details the resistivity of the electrode material; [  30  ,  41–43  ]  there was 
© 2013 WILEY-VCH Verlag G

     Figure  7 .     Correlation between the symmetry of the AC output of the 
protein photoelectrochemical cells and the wettability of the counter 
electrode.  

Adv. Funct. Mater. 2013, 23, 5556–5563
no correlation between this parameter and the symmetry of the 
AC signal.   

 Turning to the underlying motivations for this work, photo-
electrochemical cells incorporating photosynthetic proteins 
have a number of potential applications, perhaps the most dis-
cussed being as biosensors for herbicides such as atrazine that 
block electron fl ow through the Q B  quinone binding site of the 
purple bacterial reaction center and its higher plant counter-
part Photosystem II. [  6–9  ]  The unusual AC capacity of the cells 
described above represents an additional property that can be 
exploited for applications, particularly if the forward and reverse 
current components were to be made fully symmetrical. The 
most obvious is as a direct source of light-generated AC, some-
thing that solar cells cannot normally achieve because their 
design limits them to producing a DC that has to be processed 
through an inverter. In addition, as outlined in Supporting 
Information (Figure S4), two such cells wired in tandem could 
be used to construct a macroscale optical XNOR logic gate, the 
inputs being the switching of excitation light from off to on or 
on to off, and the output being the sum of the currents from 
the two cells. Although these properties are described in the 
context of two macroscopic protein cells, each containing a pop-
ulation of photoproteins, the same characteristics would apply 
to much smaller ensembles of RC-LH1 molecules adhered to 
a conducting surface. It is worth noting that two of the major 
challenges in the development of nanoscale molecular logic 
gates are the integration of such devices with conventional 
electronic components, and the transition from ensembles to 
individual molecules. It is now well established that photoreac-
tion centres can be interfaced with conducting metal surfaces 
in a productive manner, [  17–25  ]  and these proteins are also at the 
forefront of research on nanoscale patterning of molecules on 
surfaces (e.g. see ref.  [  44  ] ), and the spectroscopic [  45  ]  or elec-
trical [  46  ,  47  ]  analysis of single molecules.   

 3. Conclusions 

 Four photoelectrochemical cells were fabricated with a photo-
synthetic protein as the photovoltaic component, transparent 
FTO-glass as the front electrode and a variety of materials as 
the back electrode. A DC output was obtained from all four cells 
provided that a redox mediator was used with a vacuum poten-
tial intermediate between that of the quinone redox centre of 
the protein and the back electrode. An AC output was obtained 
during discontinuous illumination of photoelectrochemical 
cells containing TMPD as the redox mediator irrespective of 
whether the back electrode was fabricated from Pt, CoSi 2 , TiN, 
or MWCNTs. However the symmetry of the AC varied consid-
erably between the cells, in a manner which correlated with the 
wettability of the material used for the back electrode. The likely 
source of this variation is a decreased propensity for protein to 
adhere to the back electrode as its wettability decreases, the use 
of a superhydrophobic layer of MWCNTs as the back electrode 
producing a near symmetrical AC. The results demonstrate that 
the current output of protein-based photoelectrochemical cells 
can be tailored to specifi c requirements through manipulation 
of illumination conditions, the materials used for the electrodes 
and the mediator used for transfer of electrons within the cell.   
5561wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 4. Experimental Section  
 Growth of MWCNTs : MWCNTs were grown on CoSi 2  substrates using 

a cold wall chemical vapor deposition (CVD) system. [  32  ]  CoSi 2  substrates 
were evaporated with 1 nm of Fe which acted as a catalyst for the 
growth of MWCNTs. The Fe/CoSi 2 /Si substrates were then loaded into 
a cold wall CVD chamber and heated to 580  ° C in 200 sccm of H 2  for 
5 mins to reduce any FeO x  to Fe. The heating caused the fi lm to crack 
and break into nano-sized catalyst clusters. To grow MWCNT, C 2 H 2  and 
H 2  in the ratio of 5 sccm:195 sccm were introduced into the chamber 
during a 5 min growth process and the substrates were maintained at 
580  ° C. The C 2 H 2  decomposed to form carbon atoms which were then 
precipitated on the nano-sized Fe catalyst to form CNTs. 200 sccm of H 2  
was introduced into the chamber to fl ush out unreacted C 2 H 2 , the heater 
was turned off and the chamber allowed to cool to room temperature.  

 Characterization of MWCNTs : The morphology of the MWCNT layer 
was characterized by high resolution SEM using a FEI XL30 FEG-SEM. 
Cross-sectional images of individual MWCNTs were characterized by 
a Phillips CM300 TEM. Five MWCNTs were characterized and all had 
a diameter of  ≈ 14 nm  ±  3 nm. Contact angle measurements were 
carried out using a KSV CAM 200 goniometer. Four MWCNT fi lms were 
measured and the contact angle was found to be highly reproducible 
(161.5 °   ±  1.8 ° ).  

 Fabrication of Photoelectrochemical Cells : RC-LH1 complexes from  Rba. 
sphaeroides  were purifi ed as described in detail previously. [  26  ]  To fabricate 
the cells, FTO conducting glass (TEC 15 ohm/sq, 20 mm square  ×  
2.2 mm thick (Solaronix, Switzerland) was used as the transparent 
front electrode and the CoSi 2  substrate with a MWCNT fi lm as the back 
electrode. Alternatively a bare CoSi 2  substrate, or a CoSi 2  overlaid by 
a 20 nm layer of TiN was used as the back electrode. Before use the 
FTO-glass substrates were cleaned by sonication with acetone followed 
by isopropanol. A U-shaped piece of hot-melt sealing foil of 75  μ m 
thickness (Dupont) was used to join the two electrodes, creating a cavity 
with an opening at one side. A 10  μ L aliquot of a mixture of RC-LH1 or 
reaction center complexes and TMPD at fi nal concentrations 85  μ M and 
250  μ M, respectively was injected into this cavity, the mixture fl owing 
into the cavity by capillary action. Once the cell was fi lled the opening 
was sealed with a rapid setting-epoxy (Araldite).  

 Electrical measurements : Photochronoamperometry was performed 
using illumination from a 100 W incandescent lamp passed through 
a 570-nm-long pass fi lter, such that the incident light intensity at 
the surface of the cell was a constant 10 mW/cm 2 . Discontinuous 
illumination was achieved through use of a shutter. To account for 
variations in the active area of individual cells a black mask with an 
aperture of 0.21 cm 2  was placed in front of the FTO-glass electrode 
before measurement to standardize the area illuminated. Photocurrents 
were recorded under short circuit conditions using a 2636A SourceMeter 
(Keithley).   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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