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Here peptide amphiphile (PA) nanofiber network is
exploited as a three-dimensional soft template to construct
anatase TiO2 and wurtzite ZnO nanonetworks. Atomic layer
deposition (ALD) technique is used to coat the organic
nanonetwork template with TiO2 and ZnO. ALD method
enables uniform and conformal coatings with precisely
controlled TiO2 and ZnO thickness. The resulting

semiconducting metal oxide nanonetworks are utilized as
anodic materials in dye-sensitized solar cells. Effect of
metal oxide layer thickness on device performance is
studied. The devices based on thin TiO2 coatings (<10 nm)
demonstrate considerable dependence on material thickness,
whereas thicker (>17 nm) ZnO-based devices do not show
an explicit correlation.

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction There are mainly two basic
approaches in nanostructured materials synthesis [1]. The
first one is a top-down approach and requiresmaterial removal
from the bulk precursor material by chemical, mechanical, or
thermal means; acid etching, focused ion milling, and laser
ablation are among these top-down synthesis techniques [2]. It
is a straightforward, albeit poor in material architecture
control, method that has established its niche in nanostruc-
tured materials synthesis. On the other hand, bottom-up
approach exploits fine-tuned materials assembly. Bottom-up
approach is realized via direct self-assembly of target
nanostructures or material growth on synthetic or natural
nanotemplates. Bottom-up nanostructured materials synthesis
offers considerably wider spectrum of achievable material
architectures and structural hierarchies. Synthesis of nano-
structured materials on self-assembled soft nanotemplates is
of significant importance because many biological systems
utilize a similar approach to construct complex biomolecule-
templated materials [3].

Peptide amphiphile (PA) molecules with their intrinsic
property to self-assemble into nanostructures such as fibers,
present a versatile tool in inorganic material templating [4].
The PAs were used as soft nanoscale templates in several
studies for fabrication of inorganic nanomaterials [5]. Most
of these studies are focused on in-solution material
deposition on the surface of a template. Even though this
approach allows successful material deposition [6], precise
control over material thickness, uniformity, and high
conformality is difficult to achieve in a repeatable manner.
In this work, in order to circumvent this challenge, atomic
layer deposition (ALD) technique was deployed in material
growth over PA nanonetwork template [7]. ALD involves
low-temperature iterative material deposition from vapor
phase in a self-limiting fashion. In each deposition cycle,
Ti- or Zn- containing volatile metalorganic complexes form
a self-limiting uniform monolayer that consequently reacts
with water vapor (H2O) as an oxygen precursor. ALD
approach allowed formation of TiO2 or ZnO nanonetworks
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with tunable wall thickness and high template conformality.
Template conformality and coating uniformity were
achieved through operating ALD reactor in exposure mode.
This mode ensured sufficient diffusion of the precursors into
highly porous three-dimensional template. The metal oxide
and peptide hybrid nanomaterials were used for TiO2

nanotube formation. The organic template was removed by
calcination at 450 8C where amorphous titania transforms to
anatase form. ZnO-peptide hybrid nanomaterials were not
thermally processed, as ZnO readily grows in crystalline
wurtzite form during the ALD process. In principle,
nanostructured anatase TiO2 and wurtzite ZnO are wide
bandgap semiconductors and can be used as photoanode
materials. Nanostructured anodic materials [8] attract great
interest as the matter at nanoscale regime can provide
considerable enhancement in charge carrier separation,
charge carrier transport and active surface area. Nanostruc-
tured metal oxides such as TiO2 [9], ZnO [10], SnO2 [11],
Nb2O5 [12], and Ta2O5 [13] have found wide applications in
solar energy utilization.

Here we show fabrication of nanostructured TiO2

and ZnO on self-assembled peptide nanofiber soft
template. As a proof of principle, we utilized semicon-
ducting TiO2 and ZnO in assembly of dye sensitized solar
cells and studied material thickness effect on device
performance in terms of open-circuit voltage (Voc), short
circuit-current (Jsc), and fill factor. Three sets of
nanostructured photoanodes with different TiO2 deposi-
tion cycles (100, 150, and 200) and different ZnO
deposition cycles (100, 125, and 150) were fabricated.
TiO2 and ZnO nanonetworks in photoanodes form a
system of interconnected nanotubes, which can facilitate
electron transfer. Moreover, these networks are porous
high-surface-area materials and they can drastically
increase number of sensitizer molecules attached to the
semiconductor material surface.

2 Experimental
2.1 Materials Fmoc- and Boc- protected amino

acids, Rink AmideMBHA resin, and HBTUwere purchased
from NovaBiochem and ABCR. Other chemicals were
purchased from Fisher, Merck, Alfa Aesar, or Aldrich
and used as received. The 2.2mm thick fluorine doped tin
oxide (FTO) coated glass (sheet resistivity of 7Ω sq�1),
Ruthenizer 535-bis TBA (N719) photosensitizer dye,
Iodolyte AN 50 electrolyte, and Meltonix 1170-60
thermoplastic were purchased from Solaronix.

2.2 Peptidesynthesisandcharacterization Peptide
molecules (Fig. S1) were synthesized by solid phase peptide
synthesis method. Peptide sequence was constructed on Rink
Amide MBHA resin (0.59mmol g�1). 0.5mmol peptide
synthesis was carried out; two equivalents (with respect to
resin) of amino acids and lauric acid were used in each
coupling. Amino acids or lauric acid (2 eq.) were activatedwith
DIPEA (3 eq.) and HBTU (1.98 eq) prior to coupling. All
couplings were carried out in dimethylformamide (DMF). At

the end of the coupling cycles, resin was cleaved from the resin
by concentrated trifluoroacetic acid (TFA). For this purpose, a
10mL cleavage cocktail (TFA:TIS:H2O¼ 9.5:0.25:0.25) was
prepared; Milli-Q water (H2O) and triisopropylsilane (TIS)
were used as scavengers. Cleaved peptide was collected by
dichloromethane (DCM), which was later removed alongside
with TFA by rotary evaporation. Residual material was
triturated by cold diethyl ether. White peptide precipitate was
completely separated from ether by centrifugation; the
centrifugate was dissolved in water, deep freezed at �80 8C
and finally lyophilized. Lyophilized peptide was characterized
by high resolution time-of-flight mass spectrometer coupled
to liquid chromatography system (Agilent 1200/6210)
(Figs. S2, S3, SI).

2.3 Photoanode fabrication and characteriza-
tion First, fluorine doped tin oxide (FTO) glass (1.67 cm�
1.67 cm) was treated with 100mL of H2O:NH4OH:H2O2

(5:1:1) solution at 75 8C for 30min. Then, 4mL of 2%
(wt v�1) peptide amphiphile solution was spread directly
on FTO with restricted area of 0.09p cm2 (�0.28 cm2),
afterwards peptide solution was gelled by NH3 vapor in
closed container. Obtained hydrogel was converted to
alcogel by series of gradual alcohol in water mixtures
(15, 30, 45, 60, 75, 90, and 100%); finally, alcogel was
converted to aerogel by critical point drying. Next, ALD
was employed to deposit TiO2 or ZnO in a commercial
thermal ALD reactor (Ultratech Inc. Savannah S100). The
substrate temperature was kept at 150 8C during the ALD
process using Ti(NMe2)4, Zn(Et)2, and H2O as titanium,
zinc, and oxygen precursors, respectively. Prior to deposi-
tion, Ti(NMe2)4 precursor was preheated to 75 8C. As a
carrier gas, N2 was employed with a flow rate of 20 sccm.
The reactor was operated in exposure mode: dynamic
vacuum was switched to static vacuum just before precursor
introduction, and after certain exposure time (60 s) again
back to dynamic vacuum just before N2 purge. The
deposition was carried out using successive three different
numbers of deposition cycles including 100, 150, and
200 cycles of TiO2, and 100, 125, and 150 cycles of ZnO.
As-synthesized TiO2 samples were calcined in accordance
with the following procedure: ramp from 25 to 150 8C with
5 8Cmin�1, from 150 to 350 8C with 1 8Cmin�1, from 350
to 450 8C with 58Cmin�1 and wait for 30min. FEI Quanta
200 FEG scanning electron microscope with EDX attach-
ment was used to study morphology and chemical
composition of TiO2 and ZnO nanonetworks. Peptide
aerogel was sputter coated with 6 nm of Pt prior to
SEM imaging. FEI Tecnai G2 F30 transmission electron
microscope was used to obtain TEM micrographs.
PANalytical X’Pert powder X-ray diffractometer was used
to analyze crystal structures of TiO2 and ZnO nanonetworks.
Cary 5000 UV-Vis-NIR spectrophotometer with an internal
diffuse reflectance attachment was used to record diffuse
reflectance spectra of TiO2 and ZnO. WITec Alpha 300S
scanning near-field optical microscope with Raman module
was used to characterize the samples. Calcined TiO2 and
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as-synthesized ZnO samples were immersed into 0.3mM
N719 dye solution in acetonitrile/tert-butanol (1:1 vol.) and
incubated for at least 24 h.

2.4 Solar cell assembly and characterization On
the top of the photoanode 25 nm Pt-coated glass (cathode)
was placed, thermoplastic was used as a spacer between two
electrodes, and I�/I3

� electrolyte was sandwiched between
two electrodes. Photovoltaic current–voltage (I–V) meas-
urements of the solar cells were taken from the circular
active area of 0.09p cm2 (c.a 0.28 cm2). A Newport full-
spectrum solar simulator with Air Mass (AM) 1.5G filter
from Oriel was used as a light source in I–V measurements.
Simulator was operated at the following parameters: AM
1.5G, 100mWcm�2 and 25 8C. Solar cell was illuminated
from transparent FTO side.

2.5 ICP-MS measurements Thermo X series II
inductively coupled plasma-mass spectrometer (ICP-MS)
was used to analyze metal ion concentrations. N719 dye was
desorbed from TiO2 and ZnO surfaces by dilute aqueous
ammonia; desorbed dye was then digested in 4mL of aqua
regia (HNO3:HCl¼ 1:3). Prior to ICP-MS analysis, samples
were diluted by 2% aqueous HCl. Adsorbed N719 amounts
were back calculated based on ruthenium concentration.
TiO2 was dissolved in 5mL of mixture of conc. HNO3 and
HF (4:1), and ZnO was dissolved in 1mL of conc. HNO3.
Prior to analysis, samples were diluted by 2% aqueous

HNO3. Deposited metal oxide amounts were back
calculated based on zinc and titanium concentrations.

3 Results and discussion A three-dimensional
nanofibrous template formed by self-assembling peptide
amphiphile molecules was used in deposition of TiO2 and
ZnO with varying thickness. As a proof of principle,
deposited TiO2 and ZnO were utilized in dye-sensitized
solar cell (DSSC) fabrication and effect of metal oxide layer
thickness on cell parameters was studied. For this purpose,
the self-assembling peptide amphiphile with the sequence
lauryl-VVAGK-Am was synthesized (Scheme 1a). The PA
molecules self-assemble into nanofiber network under
basic conditions. Self-assembly of the peptide amphiphile
molecules into nanofiber in water leads to gel formation;
gel is composed of three-dimensional PA nanofiber network
entrapping the solvent (Scheme 1b). Removal of the
solvent with minimal damage to PA nanonetwork enables
one to obtain highly porous organic template (Scheme 1c).
Transformation of hydrogel to aerogel is achieved by critical
point drying technique. Obtained aerogel was used as a
template and coated with TiO2 (Figs. S4, S5, Supporting
Information (SI), online at: www.pss-a.com) and ZnO
(Fig. 1d–f, Fig. 2d–f) of different thickness. Energy
dispersive X-ray (EDX) spectroscopy verified TiO2 and
ZnO coatings based on presence of Ti or Zn and O atoms; C
and N atoms pertaining to organic template were also
registered (Figs. S7 and S8 (SI)). After calcination, hybrid

Scheme 1 Fabrication of nanostructured peptide template. (a) Lauryl-VVAGK-Am peptide amphiphile molecule, (b) hydrogel on a
cover slip, and (c) SEM image of peptide aerogel.
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100, 150, and 200-cycle TiO2 materials result in nanotube
networks (Fig.1a–c and Fig. 2a–c) with 5.18� 0.26,
7.52� 0.24, and 10.25� 0.49 nm wall thickness, respec-
tively. Calcination process removes the organic template
and transforms titania to its anatase form. In order to verify
phase transformation, XRD and Raman spectra were
recorded. Before calcination, XRD and Raman spectra of
as-synthesized TiO2 materials show that material is highly
amorphous with negligible presence of rutile phase (Figs. S9
and S10 (SI)) [14]. After calcination, XRD and Raman
spectra (Fig. 3a and c) showed that titania transformed to its
anatase form. Alongside with anatase form some presence
of brookite titania was detected. An extra peak (121) at
2u¼ 308 in XRD spectra and several extra peaks at 246,
323, and 365 cm�1 in Raman spectra of calcined TiO2

materials indicate the presence of brookite form [15].

Calcination was not performed for ZnO materials, which
were already crystallinewith shell thickness of 17.48� 1.10,
20.96� 0.89, and 23.39� 1.32 nm for 100, 125, and 150
deposition cycles, respectively (Fig. 2d–f). Based on XRD
and Raman spectroscopy results (Fig. 3b and d), crystalline
ZnO coatings exhibited hexagonal wurtzite crystal phase.
Raman spectra of ZnO materials, in addition to standard
peaks [16], includeapeakat 268 cm�1,whichwasassigned to
nitrogen-related mode (NRM). This mode is thought to arise
due to disorder or defects favored in the presence of N [17].
NRM in synthesized ZnO materials can stem from peptide-
ZnO interface; the PAs upon self-assembly into nanofibers
are expected to expose amino groups of lysine residues on
the periphery of the nanofibers. ZnO in its wurtzite form is
a wide bandgap semiconductor and is utile for photoanode
construction. Morphology of obtained nanostructured TiO2

Figure 1 SEM images of (a) 100-cycle,
(b) 150-cycle, and (c) 200-cycle TiO2 nano-
networks after calcination, (d) 100-cycle,
(e) 125-cycle, and (f) 150-cycle ZnO
nanonetworks.

Figure 2 TEM micrographs (a) 100-cycle,
(b) 150-cycle, and (c) 200-cycle TiO2 coated
nanofibers after calcination; (d)100-cycle,
(e) 125-cycle, and (f) 150-cycle ZnO coated
nanofibers. Scale bars are 50 nm.
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and ZnO photoanodes was uniform and template effect was
preserved throughout the whole anode thickness (Fig. S6).
In addition, amorphous TiO2 readily grew as polymeric
material (–Ti–O–), which provided substantially higher
surface smoothness; whereas ZnO tended to grow in the
form of discrete crystallites, which merged with increasing
number of ALD cycles resulting in surface roughness.

F Rð Þ ¼ 1� Rð Þ2
2R

: ð1Þ

For ultra-thin coatings, layer thickness is expected to
have an impact on effective material bandgap. To estimate
bandgaps (Eg) of nanostructured semiconductor TiO2 and
ZnO materials, diffuse reflectance spectra were recorded.
Using the Kubelka–Munk function (Eq. (1)) diffuse
reflectance data were transformed into Tauc plots,
(hnF(R))1/n versus hn, (Fig. 4) with an assumption of direct

allowed electron transfer (n¼ 0.5) [18]; R in the equation
stands for an absolute reflectance. As-synthesized TiO2

samples have estimated bandgap values of 3.41, 3.31, and
3.28 eV for 100, 150, and 200 deposition cycles, respec-
tively (Fig. 4a). As expected for nanomaterials, Eg increases
as material becomes thinner (Eg100>>Eg150>Eg200).
Thinner material imposes greater quantum confinement
on electron transfer, hence bandgap widening is observed.
Surprisingly, calcination led to reversal of order of
estimated Eg values (Eg100<<Eg150<Eg200); the new
values are 2.80, 3.21, and 3.23 eV for 100, 150, and 200
cycles, respectively (Fig. 4b). Based on the presence of
residual carbon in EDX spectra (Fig. S11 (SI)) of the
calcined samples, it can be speculated that thermally
decomposing organic template introduces impurities into
the material (Fig. S11); the thinnest material (100 cycle
TiO2) is the most affected one. Lee et al. in silico studied the
electronic properties of C- and N-doped titania [19]. Based

Figure 3 XRD spectra of (a) 100, 150, and
200-cycle TiO2 and (b) 100, 125, and 150-cycle
ZnO; Raman spectra of (c) 100, 150, and
200-cycle TiO2 and (d) 100, 125, and 150-cycle
ZnO. A¼ anatase, B¼ brookite.

Figure 4 Tauc plots of (a) as-synthesized TiO2, (b) calcined TiO2, and (c) ZnO.
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on first-principles density-functional calculations, it was
proposed that the red shift in optical absorption of doped
material is caused by the presence of isolated C 2p states in
the band gap of TiO2 rather than by a band gap narrowing.
Interaction between C impurity atoms and neighboring Ti
atoms due to coupling of the top most C 2p state with Ti 4d
state is relatively stronger than in N-doped TiO2. Xu et al.
also reported similar results, band structural studies revealed
that the visible light activity is related to the isolated
impurity states in the band gap [20]. In the case of ZnO,
estimated bandgaps were 3.27, 3.18, and 3.24 eV for 100,
125, and 150 cycle ZnO materials, respectively (Fig. 4c). It
is clear that estimated bandgaps of relatively thick
conformal ZnO layers did not show a linear dependence
on cycle number, hence material thickness.

Current density vs. voltage (J–V) curves of devices
constructed from the obtained materials demonstrate that
material thickness has its impact on device parameters
(Fig. 5). Hundred-cycle titania sample demonstrated
superior Voc compared to 150- and 200-cycle titania
(Voc 100>>Voc 150>Voc 200) (Fig. 5a). Despite this fact,
Jsc was inferior for 100-cycle titania. Table 1 summarizes
J–V parameters for fabricated TiO2-based DSSC devices. It
is clear that device with 150 cycles of TiO2 deposition is
optimal as it is close to 200-cycle device in terms of
efficiency, although it possesses less deposited material.
The efficiency of 100-cycle device is inferior to 150- and
200-cycle devices, which perform about two times better.
Thicker titania nanostructures owing to their higher surface
area can accommodate greater number of sensitizer
molecules. ICP-MS analysis has shown that adsorbed
sensitizer molecule amounts were as 5.89, 9.40, and
13.75mg for 100, 150, and 200 cycles, respectively;

deposited TiO2 was also cycle-dependent and below
0.2mg (Table S1, SI). Devices fabricated from nanostruc-
tured ZnO have shown similar performance in terms of
efficiency (Fig. 5b and Table 1); close Voc and Jsc values
were observed. Based on ICP-MS results, adsorbed
sensitizer amounts were also similar, 391.36, 403.47, and
399.30mg for 100, 125, and 150 cycles of ZnO deposition,
respectively; on contrary, deposited ZnO was cycle-
dependent and close to 1mg (Table S2, SI). The main
difference for ZnO devices was in fill factor values; a
100-cycle ZnO device had the highest fill factor, which
actually provided higher efficiency for the device. Based on
material-efficiency ratio, 100-cycle device is an optimal one
among ZnO devices.

Devices based on TiO2 and ZnO nanonetworks have
demonstrated competing efficiencies, although TiO2 nano-
networks had higher dependence on material thickness.
Taking into account amounts of deposited metal oxide and
adsorbed dye, TiO2-based devices substantially outperform
ZnO-based ones. Moreover, TiO2 nanonetworks surpassed
ZnO nanonetworks in terms of structural integrity,
because ZnO nanonetworks with the same material thick-
nesses (33, 50, 67 cycles) could not be utilized in functional
devices due to disintegration of the networks in I�/I3

�

electrolyte; therefore, thicker ZnO nanostructures were
deposited. Nevertheless, ZnO nanonetworks demonstrated
superior dye adsorption properties, which can be utilized in
TiO2-ZnO core shell nanostructured photoanodes.

4 Conclusions Self-assembled peptide amphiphile
nanonetwork was successfully used as a template for
fabrication of nanostructured TiO2 and ZnO materials. The
template was coated with TiO2 and ZnO of varying
thickness by atomic layer deposition technique. For TiO2

based devices, we observed that material thickness has
prominent effects on device parameters and overall
performance. The thinnest material (100 cycles) has
demonstrated enhanced Voc, although generated photocur-
rent was inferior to those of thicker materials. Material
thickness affects effective band gap of final metal-oxide
layers, which correlates with observed Voc values. Thicker
nanostructures (150 and 200 cycles) with higher TiO2

content adsorbed greater amounts of sensitizer molecules,
which resulted in higher photocurrents. Among thicker
material devices, 150-cycle device is the optimal one, as it

Figure 5 J–V curves of (a) 100, 150, and
200-cycle TiO2 devices, (b) 100, 125, and
150-cycle ZnO devices.

Table 1 Cell parameters of nanostructured TiO2 and ZnO devices.

material Voc (V) Jsc (mA cm�2) FF h

100-cycle TiO2 0.755 1.026 0.60 0.47
150-cycleTiO2 0.720 2.413 0.56 0.97
200-cycle TiO2 0.713 2.162 0.65 1.00
100-cycle ZnO 0.610 3.098 0.53 1.01
125-cycle ZnO 0.620 3.284 0.47 0.96
150-cycle ZnO 0.630 3.213 0.44 0.90
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possesses similar efficiency to 200-cycle device with less
deposited titania and less-adsorbed sensitizer. Devices
fabricated from nanostructured ZnO have shown similar
performance in terms of efficiency. Efficiencies were similar
and slightly decreased with increasing cycle number.
Devices demonstrated close Voc and Jsc values, based on
material-efficiency ratio and higher fill factor, 100-cycle
ZnO device exhibited optimal device performance.
Substantially, higher dye loading observed for ZnO
nanonetworks gives an opportunity to boost efficiency of
TiO2-based devices in TiO2-ZnO core-shell design with just
a few ZnO deposition cycles. To best of our knowledge, this
is the first report demonstrating fabrication of anodic
materials on self-assembled peptide amphiphile template by
ALD. This is an inspiring example for biomimetic materials
in nanofabrication field.

Supporting Information Additional supporting infor-
mation may be found in the online version of this article at
the publisher’s web-site.
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