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The emulation of photosynthetic systems has been vigorously pursued for more than thirty years both
to assist in the understanding of natural photosynthetic processes as well as for the development of
solar-to-fuel systems. While the majority of research has involved the extraction and binding of natural
photosynthetic systems to electrodes, there have been limited studies of the electrode immobilisation of
synthetic light harvesting proteins. The main focus of this work was to recreate a simplified version of a
protein-based, energy generating artificial “photosystem” comprised of an amphiphilic zinc metalloporphyrin
(light harvesting unit) ligated to a de novo synthetic protein or maquette. This artificial construct,
electrostatically attached to a mesoporous titanium dioxide surface on an FTO electrode, affords the
most efficient input (light) — output (photocurrent) protein-based device reported to date. The beneficial
effect of the protein can be seen in the improvement of photo voltage through reduction in

Received 18th June 2020,
Accepted 5th August 2020

DOI: 10.1039/d0ma00427h recombination losses and a more efficient photocurrent generation from a smaller dye loading. This
synthetic protein-based construct opens the way for the coupling of this photosystem to catalysts for

rsc.li/materials-advances the development of a whole new generation of biomimetic devices.
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Introduction

The replication of photosynthetic processes could not only lay
the foundation for sustainable hydrogen production by water
splitting but also fuel and food production through carbon
dioxide fixation."” The key to these photosynthetic outcomes
lies in the exquisitely structured photosynthetic charge genera-
tion process, in which light is absorbed by a 3-dimensional
complex of proteins and light harvesting pigments, and the
resulting energy transferred to the “special pair” of bacterio-
chlorins in the photosynthetic reaction centre (RC)." In order to
exploit this finely tuned redox protein architecture, numerous
studies into the immobilisation of photosynthetic protein
assemblies onto electrodes have been undertaken with
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photoinduced currents observed from the absorbed proteins.?
However, the low current densities of these biophotoelectrodes
and their instability remain among the challenges for their use
in artificial photosynthetic devices. In contrast, there have been
few reports of the immobilisation of more robust synthetic light
harvesting proteins and these have been limited in scope, with
good evidence for interfacial electron transfer but no applica-
tion into devices, to the best of our knowledge.*”

The challenge in building a useful ‘artificial photosynthetic’
assembly is not in simply mimicking the natural photo-
synthetic apparatus but utilizing new materials to create and,
if possible, simplify or reduce the complexity of the biological
system. In 1994, Dutton et al. developed the methodology
for the facile production of de novo synthetic protein helices
(maquettes), structurally simpler analogs of natural redox
proteins.®’ Maquettes are purposely produced to minimise
structural complexity of natural proteins, whilst retaining
desired function.””® The maquette structure is typically a four
a-helix bundle, with each helix 30-40 amino acids in length,
containing central histidine residues for ligation.”'° The residues
can be used to bind cofactors and develop novel man-made
redox proteins. Maquettes have been shown to bind a vast
range of cofactors, including flavins, iron-sulfur clusters,
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Fig. 1 (a) Schematic of a maquette ligating various cofactors. (b) Amino acid sequence of maquette used within this study shown from N- to C-terminus,

with helices numbered and the net-overall charges accompanying each helix. (c) Ligation of ZNTCPP with maquette to form an ensemble showing the

charged helices.

chlorophylls, chlorins, various forms of heme, and porphyrins
(Fig. 1a)."* "¢

The incorporation of porphyrins into maquettes offers a
unique possibility for photo-induced electron transfer and
catalytic properties. It has been demonstrated that not only is
a magquette-bound porphyrin more efficiently photo-oxidised
than a free porphyrin but also that light-induced electron
transfer between the porphyrin complex and an acceptor is
faster and higher yielding.">'” Furthermore, by controlling the
amino acids and associated charges on the maquette surface,
electrostatic interactions with conductive surfaces, and asso-
ciated electron transfer can be achieved, providing a unique
platform on which to build and study a light harvesting reac-
tion centre replica.>*®

It is known that lysine residues of peptides can bind to
titanium dioxide (TiO,) via electrostatic interactions, capable of
orienting a peptide on the surface.'>?° In this study, a maquette
sequence was designed to have appropriate amino acid charges
on the maquette surface, in order to interact with TiO, (Fig. 1b).
This presented an opportunity to construct a photoanode to
effectively measure photoinduced charge injection into titania
by well-established methods.”" Here, we demonstrate that a zinc
metalloporphyrin strongly binds to the maquette via ligation,
and the resulting ensemble can be immobilised onto a

1878 | Mater. Adv., 2020, 1,1877-1885

TiO, electrode. We show that the bound porphyrin maquette
ensemble efficiently injects electrons from the photoexcited
state of the ligated porphyrin into the conduction band of TiO,,
with the maquette inhibiting electron recombination between
the conduction band of TiO, and a redox couple. This work
establishes a process for the development of an artificial photo-
synthetic device utilizing charge separation to effect electron
transfer processes.

Results and discussion

Preparation, purification and characterisation of ZnTCPP-GL-
maquette

The zinc metalloporphyrin used for this study is 5,10,15-tri[(4-
carboxyphenyl)-5-phenylporphyrinato zinc(u)] (ZnTCPP) (Fig. 1c),
which was recently shown to ligate strongly in solution to a
magquette.>” The GL-maquette used comprised 4-alpha helices of
heptad repeats, including loop regions of glycine and serine that
was based on our previously published maquette sequence with
a variation in the amino acid sequences of helices II and IV.>*
Helices I and III each have an overall charge of —4, with helices I
and IV each containing an overall charge of +2 (Fig. 1b) that
can promote electrostatic interactions with the oxide electrode.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00427h

Open Access Article. Published on 06 August 2020. Downloaded on 6/14/2026 5:09:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

( a ) 1.0 Ve . Equwalen(}s of Po;phyrms .
)
~ e
3 €03
- 3
~
oA N
' 0.2
8 g Adj. R-Squar  0.99961
c g value Standard Error
© 5 0t Bound ZnTCPP 475946.44 4937.526
.e 0.5 £ Kd 2.1646E-8 2.4863E-9
8 g 0.0-
Qo
< 0.0000000 '~ 0.0000010 ~ 0.0000020  0.0000030
[ZnTCPP] (M)
:/,
0. - T T T
350 400 500 550 600 650 700 750
Wavelength (nm)
0.8+
( b ) 433 nm
0.7 4
0.6
E)
S 054
@
g
@ 0.4
o
=
<]
3 03
20
0.2+
0.1+
566.5 nm
608 nm
0.0+

T T T T T T T T T T ]
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 2 (a) UV-vis absorption spectra of CHES buffer solution containing
maquette with aliquot additions of ZnTCPP. ZnTCPP complexed with
GL-maquette (green spectra with maxima at 433 nm) and monomeric
ZnTCPP in solution (purple spectra with maxima at 422 nm) can be observed.
A modelled fit of change in absorbance at bound porphyrin maxima
compared to concentration of porphyrin present is given in the inset (see
Experimental for details). (b) UV-vis spectrum of isolated and concentrated
ZnTCPP-GL-maquette ensembles. Absorbance spectrum was obtained from
a 100-fold dilution of the concentrated solution resulting from a mixture of
40:100 maquette : ZnTCPP after 5 centrifugal runs in CHES buffer.

The design incorporates two offset histidine residues at the 7
and 112 positions that are each able to ligate to the metallic
centre of a single porphyrin.

As previously undertaken for porphyrins binding to maquettes,*
the binding of ZnTCPP to the GL-maquette was undertaken in
CHES buffer (pH 8.5) ensuring solubility of both the maquette
and the porphyrin and a binding titration was carried out (see
Experimental procedures for details). This showed two distinct
species, ligated ZnTCPP with a Soret peak at 433 nm (green
spectrum, Fig. 2a), and unbound ZnTCPP at 422 nm (purple
spectrum, Fig. 2a), becoming apparent after extending the
concentration of ZnTCPP beyond the stoichiometric relation-
ship of two ZnTCPPs to one maquette. The distinct red shift of
the ZnTCPP absorption spectrum is typical of binding to
magquettes, with the ligation of the central zinc to the histidine
residue of the maquette influencing the transfer of charge to
the porphyrin ring upon complexation.*?

To determine the strength of binding, a measurement of the
dissociation constant along with the extinction coefficient for

This journal is © The Royal Society of Chemistry 2020
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the ligated ZnTCPP to the maquette was undertaken. The
values were obtained by plotting the increase in absorbance
at 433 nm versus the concentration of ZnTCPP, which was then
modelled with a fitted curve (inset Fig. 2a). The extinction
coefficient of the ligated ZnTCPP (476 000 M~ cm™" at 433 nm)
was comparable to that of ZnTCPP in DMSO (514600 M~ ' cm ™" at
429.5 nm, Table S1, ESI}). Dissociation constant (Ky) values for
ZnTCPP ligation were in the nano-molar range (22 x 10~° M),
which indicated tight binding, as has previously been shown
with maquettes and porphyrins.*” In addition, the absorbance
versus concentration curve (inset Fig. 2a) shows 2 equivalents of
porphyrin present in the GL-maquette, indicating that each
histidine ligated a single porphyrin molecule.

Further evidence for binding was provided by resonance
Raman spectroscopy (Fig. S1, ESIT). Metalloporphyrin vibra-
tional modes are known to show considerable sensitivity to the
environment, whether in regard to planarity, metal oxidation
state/spin or the presence of an auxiliary moiety.>*>® Resonance
Raman results exhibit spectroscopic changes for ZnTCPP ‘“‘core
size” marker bands with the addition of the GL-maquette (Fig. S1,
ESIT). Relative intensities for bands within 890-1610 cm ™" range
increase when compared to the bands at 678 and 714 cm™ .
Relative band intensities for 14 and 129 (1339-1353 cm™ ') also
change, with 129 increasing by over 20%. There is a small red shift
of this 129 band from 1353 to 1350 cm ™. At the lower energy
region, there is a small blue shift of the 1003 cm ™" band (v15) to
1006 cm . These spectral changes support the binding of
ZnTCPP to the maquette through a histidine residue. It should
be noted that Feitelson and Spiro have shown that low frequency
(150-250 cm™') resonance Raman data can provide strong
evidence for the Zn-histidine stretch, however, no significant
bands could be observed in the low frequency regions.?®

The solution stability of the ZnTCPP-GL-maquette ensemble
was also confirmed (Fig. S2, ESIt) by measuring the absorbance
spectrum of the ZnTCPP-GL-magquette over 2 h (Fig. S2a, ESIt),
with the same measurement performed without maquette
(Fig. S2b, ESIT). A stable spectrum under each condition was
observed, apparent from the sharp Soret peak and pronounced
Q bands, with no changes occurring over time indicating no
release of the ZnTCPP from the maquette.

Isolation and purification of the ZnTCPP-GL-maquette
ensembles was undertaken in order to ensure that there
was no excess ZnTCPP when binding the ensemble to TiO,.
This was performed by subjecting the ZnTCPP-GL-maquette
ensemble solution containing an excess of ZnTCPP to multiple
centrifuge runs in a protein concentrator tube with a molecular
weight cut-off that was less than the molecular weight of the
magquette, yet greater than the monomeric porphyrin. The
resulting concentrated solution was analysed for purity
(Fig. 2b), and for stoichiometric relationship (Fig. S3, ESIt),
affording a maquette to porphyrin ratio of 1:1.95. As previously
shown, this indicated that the two histidine residues present
within the maquette were able to ligate strongly to the
monomeric ZnTCPP. The resulting purified solution of
ZnTCPP-GL-maquette ensembles was used for immobilisation
onto TiO,.

Mater. Adv., 2020, 1,1877-1885 | 1879
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Immobilisation of ZnTCPP-GL-maquette on TiO,

Immobilisation of the isolated ZnTCPP-GL-maquette ensembles
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TiO, is expected to occur using two binding modes by way of
only one or two of the carboxylic groups.*

The conditions for binding of the ZnTCPP-GL-maquette
ensembles on TiO, were established by both time and concen-
tration dependent binding studies (Fig. S4 and S5, respectively,
ESIT). These studies established that a maquette concentration
of >20 uM and an exposure time of >24 h was effective for
binding saturation of maquette to the surface of TiO,.

The absorbance spectrum of the ZnTCPP-GL-maquette
ensembles on TiO, was measured to determine whether the
ZnTCPP remained ligated within the maquette once immobilised
(green line, Fig. 3d). This was compared to the immobilisation of
the carboxylate salt of ZnTCPP onto TiO, from CHES buffer
without maquette (red line, Fig. 3d). A distinct sharp Soret
peak is observed at 432.5 nm for the bound ZnTCPP-GL-
magquette ensembles, which is identical to the Soret peak for

in CHES buffer onto TiO, was undertaken via electrostatic
interaction. At the CHES buffer pH (8.5), the TiO, surface is
known to be negatively charged (pHipzp = 5.8-7.5),°° which
allowed electrostatic interactions between the helices II and IV
of the GL-maquette and TiO,. This dictated the binding geo-
metry as indicated in Fig. 3a, with the ZnTCPP-GL-maquette
ensemble lying on the TiO, with one ligated porphyrin pointing
towards the surface and one away from the surface. In order to
determine the effect of the protein on the electron transfer from
the ligated porphyrins, ZnTCPP, itself, was also immobilised
onto TiO, either from CHES buffer affording electrostatic surface
interactions between the carboxylate groups formed in the CHES
buffer (Fig. 3b) or directly from an organic solvent leading to
covalent surface attachment (Fig. 3c). Covalent attachment to
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Fig. 3 (a) lllustration of the immobilisation of maquette—ZnTCPP ensembles onto TiO, from CHES buffer. (b) Illustration of the binding of the
carboxylate salt of ZnNTCPP to TiO, from CHES buffer solution. (c) Illustration of the covalent binding of ZnTCPP to TiO, via sensitisation from THF. (d) UV-vis
absorption spectra from 0.7 um TiO, of immobilised GL-maquette—ZnTCPP ensemble from CHES buffer (green line), bound carboxylate salt of ZnTCPP
from CHES buffer (red line), and sensitised ZNTCPP from THF (black line). The inset is of modified 2.5 um films of TiO,, showing the Q-band regions of the
immobilised ZnTCPPs. (e) IPCE spectra from 2.5 um TiO, with immobilised GL-maquette-ZnTCPP ensemble from CHES buffer (green line), bound
carboxylate salt of ZnNTCPP from CHES buffer (red line), and sensitised ZnTCPP from THF (black line).
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Table 1 The photovoltage (V,o), photocurrent (Jsc), fill factor (FF), energy conversion efficiency (1) and the electron lifetime (z) of the solar cells

Solar cells” Voe (mV) Jse (MA cm™?) FF 1 (%) Dye quantity (nmol cm > pum™") 7 (ms)
ZnTCPP-GL-maquette 652 £+ 18 2.69 £ 0.10 0.73 £ 0.01 1.28 £ 0.11 2.20 £ 0.01 2.5
ZnTCPP salt 605 £ 5 4.15 £ 0.67 0.71 + 0.02 1.77 £ 0.33 5.70 + 1.20 0.8
ZnTCPP 560 + 14 5.08 + 0.57 0.72 + 0.00 2.05 + 0.27 13.54 £+ 0.52 0.8

¢ Made up of 2.5 pm TiO, electrodes sensitised with ZnTCPP-GL-maquette, ZnTCPP salt and ZnTCPP using an acetonitrile-based iodide/triiodide
redox mediator. The data shown is an average of that from 3 cells &+ standard deviation.

the ZnTCPP-GL-maquette ensembles in solution (Fig. 2b).
Furthermore, the Q-band positions (Inset, Fig. 3d and Tables S1
and S2, ESIt) are also consistent in solution and on TiO,. In
addition, the maquette-ligated ZnTCPP bands do not match those
of the immobilised ZnTCPP salt (red line, Fig. 3d and Table S2,
ESIT), which are similar to the covalently sensitised ZnTCPP (black
line, Fig. 3d and Table S2, ESIt). It should be noted that the
additional peak at 405.5 nm for the immobilised ZnTCPP salt
has been previously reported to arise from the aggregation of
porphyrins on oxide surfaces from aqueous solution.***?

Incorporation of ZnTCPP-GL-maquette photoelectrodes into
photovoltaic devices

With the immobilisation of ZnTCPP-GL-maquette ensembles
onto a TiO, electrode achieved, the electrodes could be used for
light-driven charge separation within a photovoltaic device
such as a dye sensitised solar cell (DSSC). In DSSCs, the energy
levels of the photoactive material (dye) need to align with the
energy levels of the semiconductor (in order to inject electrons
from the photoexcited state) and that of a redox couple, which
is required to regenerate the oxidised dye. Electron injection
into the conduction band (CB) of the TiO, semiconductor
occurs from the lowest unoccupied molecular orbital (LUMO)
of the dye and oxidised dye regeneration from its highest
occupied molecular orbital (HOMO). The HOMO energy level
can be determined electrochemically from the oxidation
potential of the dye attached to the semiconductor while the
LUMO energy level can be calculated (Eyymo = Enomo — Eopt)
from the optical band gap (E,), which is determined from the
absorption onset at the highest wavelength in the porphyrin-
modified TiO, absorption spectrum (Fig. 3d).

To evaluate the HOMO values, the oxidation potentials
of ZnTCPP, ZnTCPP salt bound from CHES buffer, and the
ZnTCPP-GL-maquette ensemble were determined using square
wave voltammetry (Fig. S6, ESIf) and found to be 0.91, 0.91
and 0.89 V vs. NHE, respectively. The identical values for the
ZnTCPP and ZnTCPP salt bound from CHES buffer indicated
that the electronic state of ZnTCPP had not changed despite the
difference in binding modes. The significantly lower oxidation
current observed for the carboxylate ZnTCPP on TiO, (red line,
Fig. S6, ESI) was due to the aggregative effects hindering
electron injection into the electrode (as evident from the
absorption spectrum (red line, Fig. 3d)). The lower value for
the ZnTCPP-GL-maquette ensemble (~20 mV) is likely due to a
change in the electronic state of ZnTCPP as a result of ligation
to the maquette through its central zinc. The lower current-
response for ZnTCPP-GL-maquette compared to the sensitised

This journal is © The Royal Society of Chemistry 2020

ZnTCPP was attributed to the significantly lower concentration
of ZnTCPP present in the maquette (2.30 £+ 0.01 compared to
13.54 £ 0.52 nmol cm™> um ™", respectively, Table 1).

These gave calculated LUMO energy levels of —1.01, —1.00
and —0.93 V vs. NHE for sensitised ZnTCPP, ZnTCPP salt and
the ZnTCPP-GL-maquette ensembles compared to the CB of
TiO, (—0.50 V vs. NHE),”" and indicated that it was possible for
electrons to be injected into the CB as shown in the energy level
diagram in Fig. S7 (ESIf). In addition, the HOMO values
indicated that the dye could be regenerated from the oxidised
dye by a redox couple such as I /I;~, since the redox potential of
the I" /I3~ electrolyte within an organic solvent is 0.35 V vs. NHE
and the required driving force for effective regeneration is
approximately 0.5 eV.**?*

It is noteworthy that while the HOMO-LUMO levels for both
the sensitised and ZnTCPP salt were identical, the energy levels
for the maquette-bound ZnTCPP differed. This was in agree-
ment with the differences observed in the absorbance spectra,
with the electronic state of the maquette-bound ZnTCPP being
influenced by ligation.*®

The influence of the maquette on electron injection from
protein-bound zinc porphyrins has been addressed previously.
It has been demonstrated that direct photoinduced electron
transfer into TiO, from Zn protoporphyrins ligated to either
cytochrome C or a maquette that are immobilised on TiO, takes
place on the nanosecond time scale,” somewhat slower than
for a porphyrin directly attached to TiO, that is typically sub-
picosecond.?”

Sensitised thin film (2.5 pm) TiO, electrodes were then used for
assembly of DSSC constructs,” whose photocurrent density (J)
versus voltage (V) curves are given in Fig. S8 (ESIf) and the full
photovoltaic data derived from these curves in Table 1. The
value of the short circuit current density (/) is a direct measure
of the overall light absorption of the dye, efficiency of electron
injection of the photoexcited dye and charge collection by the
photoanode. If electrons within the photoanode recombine with
the redox mediator (I;7), this is reflected in a lowering of
the open circuit voltage (V,). The fill factor (FF) is a measure
of the quality of the photovoltaic device and indicative of
the total resistances within the device. The overall DSSC con-
version efficiency (1) is a combination of these photovoltaic
characteristics (n = Voo X Jsc X FF) and so depends on the
balance between the kinetics of electron injection, regeneration,
and recombination reactions.*® Within porphyrin-based devices,
the dye structure and arrangement of dyes on the semiconductor
surface both contribute to a lower V. than obtained in ruthenium
dye-based devices.***°

Mater. Adv., 2020, 1,1877-1885 | 1881
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It was evident from the devices utilising the immobilised
magquettes containing ligated ZnTCPP that the immobilised
ensembles could indeed accomplish light driven electron injec-
tion into the CB of TiO, as demonstrated by the mA response in
Jse (2.69 £ 0.10 mA, Table 1). As was expected, the two control
cells had higher currents, with the sensitised ZnTCPP having
the highest measured Js. and the ZnTCPP salt being slightly
lower (5.08 £ 0.57 and 4.15 + 0.67 mA, respectively). However,
the quantity of photoactive material (ZnTCPP) present is 6-fold
less for devices utilising the ZnTCPP-GL-maquette ensemble
compared to those with only ZnTCPP and 2.5-fold less than the
ZnTCPP salt devices (Table 1). With J. being directly related to
the quantity of photoactive material on the semiconducting
surface injecting electrons,?’ these results clearly indicate that
when ZnTCPP is ligated to the maquette, the efficiency of the
electron injection is higher; there was a higher amount of
current than expected coming from the ligated Zn'TCPP mole-
cules than the sensitised porphyrins.

The Incident Photon to Current Efficiency (IPCE) was mea-
sured to compare the differences in current responses with the
absorbance profiles on the TiO, for the devices (Fig. 3e). The
IPCE combines contributions from the light-harvesting effi-
ciency, the efficiency of electron injection from the photo-
excited dye into the TiO, conduction band, and the efficiency
of charge collection at the electrodes. In thin (2.5 pm) porphyrin-
sensitised TiO, DSSCs, the mean diffusion length of electrons is
larger than the electron lifetime and, therefore, the charge
collection efficiency is assumed to be close to 100%.*" It is
notable that the total currents extracted from the IPCE curves
are comparable to those from the -V measurements, albeit
somewhat smaller due to the lower light intensity used for IPCE
measurement; the relative magnitude of the current densities is
almost identical. As expected all the IPCE profiles tend to follow
the absorbance curves, although it appears that the peak due to
the aggregation of the ZnTCPP salt (405.5 nm, red line, Fig. 3d)
does not contribute to the photocurrent as might be expected.*?
Since it has been previously reported that electron injection in
porphyrin-based DSSCs mostly occurs from the lowest photo-
excited state,** and there is little difference between the IPCEs of
these three devices, it can be assumed that injection from the
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magquette-ligated porphyrin is also mostly from the lowest
photoexcited state.

Differences in device performances were further evident in
the V,. (Table 1), where devices with the immobilised ensem-
bles had the highest V,. compared to the other two devices.
Such an increase in V. is typically ascribed to a reduction in
electron recombination from the CB of TiO, to the redox
mediator.>>*° However, the differences in V,. and J,. between
devices could also be accounted for by a shift in the CB edge
of TiO, to higher energy as a result of a pH increase.** As
discussed above for the binding of the maquette, the surface of
TiO, is typically acidic (pHpp = 5.8-7.5),>° which would be
affected by exposure to the CHES buffer (pH 8.5). Nevertheless,
as the ZnTCPP salt and ZnTCPP-GL-maquette ensemble-based
devices were both prepared using CHES buffer and show different
VoS (Table 1), the increased V. of the ensemble devices cannot be
solely due to the effect of pH.

Further characterisation through electrochemical impedance
spectroscopy (EIS) gives insight into the resistances and capaci-
tance at the various interfaces within the devices.**° The EIS was
carried out on each device at V,. under 1 sun and the resulting
Nyquist and Bode plots are shown in Fig. 4a and b, respectively.
To interpret the EIS data, an equivalent circuit model (Fig. 4c) was
used to account for the resistances and capacitances associated
with each observed interface, and the resulting data is given in
Table S3 (ESIt). The series resistance (R;) relates to the resistance
of the FTO substrates and contact resistances of the circuit, with
the series resistance observed to be highly similar between all
measured devices (Table S3, ESIt). The Nyquist plots (Fig. 4a)
displayed two significant semicircles for the different electron
transfer processes occurring at the various electrochemical inter-
faces within the devices.*® The resistances and capacitances were
assigned to each interface observed, where R, and C; corresponds
to higher frequencies (smaller semicircle at lower Z’ value), and R,
and C, corresponding to lower frequencies observed (larger
semicircle at higher Z' value). Typically, diffusion limitations of
the redox electrolyte are observed within the lower frequency
range. However, due to the short distance between electrodes
(25 pum), no diffusion impedance can be observed within the
investigated frequency range for all devices measured.

()

T T T 1
0 20 40 60 80 100 120 140

Z'(Q)
Fig. 4
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Frequency (Hz)

(@) Nyquist plot of devices utilizing sensitised ZnTCPP (black line), ZNnTCPP salt (red line), and immobilised ZnTCPP-GL-maquette ensemble

(green line). (b) Bode plot of devices utilizing sensitised ZnTCPP (black line), ZnTCPP salt (red line), and immobilised ZnTCPP-GL-maquette ensemble

(green line). (c) The equivalent circuit diagram used for fitting the EIS data.
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The predominant electron transfer process observed (R, and
C,, larger semicircle) is associated with the reverse electron
transfer (recombination) from the conduction band of TiO, to
the redox electrolyte (I;”) (Fig. 4a).*> The smaller semicircle at
the higher frequency range (R, and C,) is a combination of the
charge transfer processes between TiO, and the FTO glass
substrate, between nanoparticles of TiO,, and also between
the electrolyte and catalytic platinum layer on the counter
electrode.”” Since the devices were prepared in an identical
manner, the electron transfer between TiO, and FTO or at the
counter electrode was not expected to differ between devices.
Therefore, any differences in R; should have come from the
transport processes between TiO, nanoparticles. R; is shown
to be highest for devices with sensitised ZnTCPP, with the
lowest resistance for devices containing ZnTCPP-GL-maquette
ensembles (Table S3, ESIt). This lower resistance suggests more
efficient electron transport at the boundaries of the TiO,
nanoparticles.*> R, is the resistance associated with the pre-
dominant semicircle (lower frequency range), relating to recom-
bination processes at this TiO,-dye-electrolyte interface.
Both R, and C, are notably larger in devices employing
ZnTCPP-GL-maquette ensembles (Table S3, ESIt). The larger
capacitance corresponds to a higher density of accessible
electronic states at the interface.”” The higher resistance
indicates that the electron is less likely to recombine from
the conduction band of TiO, back to the redox electrolyte.

One further characteristic obtained from EIS analysis is the
electron lifetime associated with the electron recombination
from the CB of TiO, back to the redox mediator.*> Electron
lifetime is the time of electron survival in the conduction band
of TiO, before recombination with I;~, and is determined by
the rate of back reaction to the electrolyte.*® Electron lifetimes
were calculated from the Bode phase shift versus frequency
plots as T & 1/Wmin = 1/21fimin Where fiin is the frequency at
which the phase shift is minimum (Fig. 4b).*® The lifetimes for
devices with ZnTCPP-GL-maquette ensembles, ZnTCPP salt,
and sensitised ZnTCPP were 2.5, 0.8, and 0.8 ms, respectively
(Table 1). This result supports the observed V,. differences
shown previously (Table 1), in that a higher electron lifetime is
indicative of reduced recombination from the CB of TiO, to
the electrolyte after photoinduced electron injection and a
resulting higher V..

It is worthy of note that these results represent a significant
advance on previous photoelectrochemical devices fabricated
using proteins. The best results to date for natural photosystems
immobilised on semiconductor substrates such as TiO,, zinc
oxide or hematite incorporated into a photoelectrochemical cell
have yielded photocurrents of 100s of pA ecm ™2 and voltages of
only up to 0.5 V.? Shah et al. have obtained a J;. of 4.15 mA cm™>
for a biophotoelectrode comprised of photosystem-I on TiO, but
this was in a biased half photoelectrochemical cell configuration
using a sacrificial electron donor.*® In addition, these protein-
based devices typically degrade over a matter of hours, whereas
the maquette photoanodes show no apparent degradation over
this time and indeed similar systems have been reported to be
stable for weeks.’

This journal is © The Royal Society of Chemistry 2020
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Conclusions

In this work, we have demonstrated that a stable complex of
an artificial protein and a light harvesting porphyrin can be
immobilised onto a TiO, electrode and that the bound por-
phyrin protein maquette assembly efficiently injects electrons
from the photoexcited state of the ligated porphyrin into the
conduction band of TiO,. The beneficial effect of the maquette
is demonstrated by the fact that, in the presence of the protein,
significantly less porphyrin is required to achieve a similar level
of photocurrent as is obtained when the same porphyrin is
covalently bound to the TiO, semiconductor. In addition, there
is a substantial increase in photovoltage as a result of the
shielding of the TiO, surface by the protein leading to reduced
electron recombination with the redox mediator. While this
study has led to the best protein-based photovoltaic device
reported, the potential of the porphyrin protein assembly lies in
its ability to be coupled to other chemical processes such as
occur in photosynthesis. With the design of both the maquette
and porphyrin able to be altered to allow the coupling of
the electron generation to adjacent catalysts,"® this maquette-
porphyrin ensemble-based photoanode represents one of the
most promising advances for the development of a truly
artificial photosynthetic reaction centre.

Experimental
Porphyrin-maquette binding titration

The binding titration of porphyrin to maquette was done by
adding small aliquots of 1 pl from stock porphyrin solution
(200 pM porphyrin in DMSO) to 2 ml of 0.5 uM maquette
solution in CHES buffer (20 mM CHES and 150 mM KClI,
adjusted to pH = 8.5 with KOH), increasing porphyrin concen-
tration by 0.1 uM per aliquot. Absorbance spectra were mea-
sured after mixing each additional aliquot for 1 min (Fig. 2a).
By plotting the change in absorbance at 433 nm (absorbance
maxima of bound porphyrin) vs. the concentration of porphyrin
added, the calculated extinction coefficient, dissociation con-
stant (Kg), and stoichiometric relationship of a modelled fit
(Fig. 2a) can be obtained using eqn (1).

Fit = Liot X €free + (ebound - efree)

0.5
(Kd + Prot + Lot — ((Kd + Piot + Liot)? — 4 X Pyo X Llot) >

x 2

(1)

where L. = concentration of added porphyrini
efree = €Xtinction coefficient of free porphyring
epound = €xtinction coefficient of bound porphyrin§
Py« = concentration of maquetteq
Ky = dissociation constant§

i Denotes data parameter.
§ Denotes free parameter for data fitting.
9 Denotes fixed parameter.
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Porphyrin-maquette ensemble in solution

To obtain a pure and concentrated solution of ZnTCPP-GL-
magquette ensembles, 40 pM maquette was mixed with 100 uM
ZnTCPP in 1 ml of CHES Buffer for 1 h, followed by centrifugation
in a 3 kDa MWCO (molecular weight cut off) protein concen-
trator tube (GE Life Sciences). The solution was centrifuged
5 times, with CHES buffer added between spins to a final
volume of 1 ml. The UV-vis absorbance spectrum of a 100 fold
diluted maquette-ZnTCPP ensemble solution was measured to
analyse concentration and purity (Fig. 2b).

The concentration was calculated to be 156 puM of bound
ZnTCPP (based on ¢ = 476000 M~ ' em™ ' at 433 nm). The
concentration of maquette was calculated to be 80 uM, based
on the relative change in absorbance at 280 nm, corresponding
to the tryptophan absorbance maxima in the maquette (with an
extinction coefficient of 11200 M~* ecm™ '), compared to the
change in absorbance at 433 nm with the increase in ZnTCPP
concentration (Fig. S3, ESIt). The calculated maquette to
ZnTCPP ratio was 1:1.95.

Binding of porphyrins and ensembles onto TiO,

Sensitisation of ZnTCPP directly to TiO, was accomplished by
submerging a TiO, electrode into 200 uM ZnTCPP solution in
THEF for 3 h. Samples were then rinsed in acetonitrile and dried
with N,-gas stream before measurements and device fabrication.
Binding of ZnTCPP to TiO, from a CHES buffer was accom-
plished by drop-casting 100 pl of 100 pM ZnTCPP solution in
CHES buffer onto TiO,, with the electrode sealed in a Petri dish
(to reduce any evaporation), and left for 48 h in the dark at 4 °C.
The treated electrode was then rinsed in CHES buffer and dried
with N,-gas stream before measurements and device fabrication.
The isolated ZnTCPP-GL-maquette ensemble solution
(undiluted) with known concentrations of bound ZnTCPP and
magquette (Fig. S3, ESI{) was diluted to give 100 pM ligated
ZnTCPP (and hence 51 pM maquette) in CHES buffer. The
resulting solution was drop-casted onto TiO,, with the electrode
sealed in a Petri dish, left for 48 h in the dark at 4 °C. The treated
electrodes were then rinsed in CHES buffer and dried with
N,-gas stream before measurements and device fabrication.

Device assembly

TiO, films were prepared on FTO substrates (Hartford TECS,
2.3 mm, Ry < 8 Q 07" by screen-printing 4 x 4 mm areas of
one 2.5 um transparent layer (DSL 18 NR-T paste, Dyesol), or
one 2-fold terpineol diluted (mass to mass) layer (0.7 um) using
a 96 T screen. All film thicknesses were measured using a
Dektak 150 Profilometer. The TiO, films were sintered stepwise
using a programmable hot plate with a maximum temperature
of 500 °C. Each film was reheated to 450 °C for 20 min and
cooled to 110 °C for 30 min before any treatment.

Counter electrodes were prepared by platinising TEC8 FTO
with an ethanolic 10 mM H,PtClg solution at 400 °C for 20 min.

Sandwich-type DSSCs were assembled using a 25 pm Hymilan
sealant. An electrolyte solution composed of 0.6 M 1-butyl-3-
methylimidazolium iodide (BMII), 0.5 M 4-tert-butylpyridine,
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0.1 M LiI, and 0.03 M L, in a solvent mixture of 85 : 15 acetonitrile/
valeronitrile was injected between the electrodes through a hole in
the counter electrode, which was subsequently sealed. Devices
were measured under 1 sun irradiation.
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