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Increasing the light harvesting efficiency of photocathodes is an integral part of optimising the future
efficiencies of solar technologies. In contrast to the more extensively studied photoanode systems, current
state-of-the-art photocathodes are less efficient and are commonly replaced with rare and expensive
materials such as platinum group metals. The significance of photocathodes is in the development of tandem
electrodes, enhancing the performance of existing devices. Carbon nanotubes are promising candidates for
photocathodes, which, in addition to their p-type conductivity and catalytic properties, possess a suite of
unique optical and electrical attributes. This work describes the fabrication of single walled carbon nanotube
(SWCNT) photocathodes sensitised with indium phosphide / zinc sulfide (InP/ZnS) core-shell nanocrystals
(NCs). Under air mass (AM) 1.5 conditions, the sensitisation of SWCNT photocathodes with InP/ZnS NCs
increased the photocurrent density by 350 % of the unsensitised output. This significant enhancement of
current density demonstrates the potential of InP/ZnS NCs as effective sensitisers to improve the
performance of carbon-based photocathode thin films.
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Introduction

The depletion of fossil fuels has encouraged research into renewable
energy generation and one focus area is the improvement of light
harvesting through the use of tailor made nanomaterials. Optimising
the spectral conversion efficiency is an essential part of improving
state-of-the-art photovoltaic (PV) and water splitting devices. Quantum
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size effects in semiconductor nanocrystals (NCs) make them versatile
sensitisers for renewable energy generation. As a result of quantum
confinement, semiconductor NCs can be tuned by size to enhance
exploitation of the solar spectrum.”® Controlling the size of NCs can
minimize the spectral losses associated with organic dye molecules by
offering a tunable absorption threshold, large redshift, high absorption
coefficient and broad absorption spectrum which extends into the UV.>
® Additionally, variation of NC size offers different band energies which
maximizes photoinduced charge separation and improves the electron
transfer process.®®

Indium phosphide (InP), a p-type semiconductor, has been used for
water splitting in a variety of nanostructures including: nanopillars,9
nanowires™® and NCs.***? InP NCs are one of the most widely studied
cadmium-free semiconductor materials for this purpose. The synthesis
of monodisperse InP NCs is best achieved using the hot injection
method,” however other promising synthesis routes have also been
proposed.** Since the properties of NCs are strongly dependent on
their dimensions, the synthesis of monodisperse NCs is important for a
range of applications including optoelectronic and magnetic storage
media.”® For example, in optical devices the quantum vyield and color
sharpness is heavily dependent on synthesising NCs with narrow size
distributions (< 5%)."*® The interest in InP NCs continues to grow, due
to their p-type conductivity which makes them valuable in a variety of
photocathode systems'®® and is in contrast to the more commonly
employed NCs (such as CdSe), which exhibit n-type conductivity.”*
Compared to the level of development of TiO, photoanode studies in
the literature, the current efficiency of photocathodes remains
somewhat lacking. This is despite the fact that they are, of course, an
essential part of many PV systems and water splitting devices that could
in theory add significantly to the overall yield of such technologies. It is
common practice to use relatively simple catalytic systems based on
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platinum (Pt) as the cathode material instead. This is partly due to poor
photocathode efficiencies and also because their implementation in
devices introduces added levels of design complexity due to the
requirement for current matching to the anode. Unfortunately, Pt is a
rare material, which means that its use as a cathode will continue to
limit commercial applications and alternatives are thus desirable.
Oxides of nickel (NiO) and copper (Cu,O) are widely-used p-type
materials for both photovoltaic?® and water-splitting applications® and
while NiO is currently the most popular photocathode material,®* a
carbon-based substitute would be desirable. Coupled with the p-type
conductivity?® and large variety of carbon nanotubes, thin films of this
material offer a promising potential replacement for platinum catalysts
and metal oxide based photocathodes.

CNTs can be semiconducting or metallic, depending on the orientation
of the graphene lattice with respect to the longitudinal axis. In the case
of semiconducting nanotube walls, the bandgap scales inversely with
the tube diameter. Multi-walled carbon nanotubes often have dozens
of concentric walls and the mixing of states and large diameter of the
outermost wall means that the overall nature of the tubes is always
metallic. Individual single walled carbon nanotubes (SWCNTs) can be
either metallic or semiconducting, but it is difficult to generate
exclusively one type in large quantities so the as-produced material is
usually a mixture. Films made from such material have both
semiconductor-like absorption features as well as metallic-like electrical
characteristics.”® Importantly, the work function of CNTs can be
significantly adjusted to tailor their use to different device applications.
Methods to modify the work function include chemical doping,®
intercalation of alkali metals®® and plasma treatment,31 and such
modification has been found to help facilitate charge separation in the
anodes of some PV systems.”®*" The unique electronic and physical
properties of mixed SWCNT films has resulted in their incorporation
into dye-sensitised,**>* organic®®*® and solid-state silicon solar cells,”’
and purified semiconducting SWCNTSs are receiving increasing attention
as the absorbers in novel solar architectures due to their potential to
harvest sunlight.®*' While advancements in modifying the work
function of carbon nanotube films can certainly have positive impacts
on their use as photocatalysts and replacements for platinum, their
further sensitisation with semiconducting NCs is a new approach that
provides the ability to more fully exploit the solar spectrum. While
previous work on hybrid CNT-NC transistors,* conjugate CNT-NCs,***
NC sensitised CNT-TiO,* CNT-zZnO*® and silicon”” systems has been
reported, to the best of our knowledge no work has incorporated NCs
as sensitisers for standalone CNT photocathodes.

This study investigates the use of SWCNTs as one-dimensional (1D) thin
film photocathodes. The photocathodes are prepared by depositing
SWCNTs on gold-coated glass substrates. This work uses unsorted,
highly carboxylated arc-discharge nanotubes with an average diameter
of 1.5 nm (band gap ~ 0.7 eV) and Fermi level of approximately 4.6 - 4.7
eV. Monodisperse InP/ZnS NCs with a bandgap around 2.1 eV are used
as sensitisers in order to enhance light absorption by the films. InP/ZnS
NCs are bound to the surface of SWCNT photocathodes with the
assistance of thiol ligands. The proposed energy diagram of the
photocathode is illustrated in figure 1.
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Figure 1. Proposed photoexcitation of InP/ZnS NCs on SWCNT thin film.

Experimental Section

Materials: Trioctylphosphine (technical grade, 90%), trioctylphosphine oxide
(technical grade, 90%), 1-octadecene (technical grade, 90%), zinc undecylenate
(98 %), zinc diethyldithiocarbamate (97%), indium(lll) chloride (98 %),
tris(trimethylsilyl)phosphine (95 %) and stearic acid (reagent grade, 95 %) were
purchased from Sigma Aldrich and used as received. Hexadecylamine (technical
grade, 90%) and 1-dodecylphosphonic acid (95%) were purchased from Alfa
Aesar and used as received. Laboratory solvents of the highest possible grade
were purchased from Fisher Scientific Limited.

Synthesis of InP/ZnS NCs: Indium phosphide QDs were synthesised according to
Xu et. al.*® Briefly, a nitrogen-purged Schlenk flask was charged with stearic acid
(28.5 mg, 0.1 mmol), zinc undecylenate (30 mg, 0.07 mmol), indium(Ill) chloride
(22 mg, 0.1 mmol) and hexadecylamine (48 mg, 0.2 mmol). To this, 1-octadecene
(2 ml) was added, and the mixture vacuum/back filled with nitrogen three times
before heating to 280 9C. On reaching 280 9C, a solution of
tris(trimethylsilyl)phosphine (1 ml, 0.1 M) in 1-octadecene was rapidly injected,
and the solution heated at 260 2C for 20 minutes. The flask was then placed in
water to cool to room temperature.

For the overgrowth of the ZnS shell onto the InP cores, zinc
diethyldithiocarbamate (72 mg, mmol) and zinc undecylenate (100 mg, mmol)
were added into the flask containing the cores and vacuum/back filled with
nitrogen three times before heating to 180 2C for 10 minutes, increasing to 240
oC for 20 minutes. The flask was then placed in water to cool to room
temperature. The InP/ZnS QDs were precipitated with ethanol (~80 ml) and
isolated by centrifugation (5 minutes at 3000 x g). The QDs were washed twice
with ethanol (2 x 60 ml) to remove any unbound surfactants, and dispersed in n-
hexane (10 ml).

Characterisation: Optical absorption spectroscopy of InP/ZnS NCs was carried out
on an Agilent Cary 300 spectrometer. Photoluminescence spectroscopy,
quantum yield and lifetime measurements were carried out on an Edinburgh
Instruments Fluorimeter FLS980. TEM was performed on a JEOL JEM-2100F with
an acceleration voltage of 200 kV. Where appropriate, XRD was carried out using
a Scintag ARL X'tra diffractometer (using Cu-radiation). SEM images were
obtained with a Ziess MERLIN. XPS measurements were taken using
monochromatized Al Ka X-rays (300 W) in a Kratos Axis-Ultra spectrometer (10
eV analyzer pass energy). The time of flight secondary ion mass spectroscopy
(ToF-SIMS) instrument was a Physical Electronics TRIFT V NanoToF. Depth profiles
were conducted using a single Au 30keV LMIG source operating in pulsed and
continuous modes for analysis and sputtering cycles respectively.

This journal is © The Royal Society of Chemistry 20xx
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Preparation of SWCNT solutions: Arc-discharge nanotubes (P3-SWNT, Carbon
Solution Inc, California, USA) were suspended in 1 % aqueous TritonX-100 (Sigma,
Australia) by bath sonication for 1 h, then centrifuged (10,000 g, 30 min) and the
supernatant was collected.

Preparation of SWCNT photocathodes: Gold coated glass slides (AU.0100.ALSI,
Platypus®) were washed with acetone, isopropanol and DI water before being
suspended in a piranha solution for 45 seconds. SWCNT thin films were then
deposited as described previously.*> Briefly, the nanotube solution was filtered
through mixed cellulose ester (MCE) membranes (0.45 Bm, HAWP, Millipore
Australia) and rinsed with copious Di water. The filter was placed nanotube side
down on the gold surface then compressed and baked (100 °C, 20 min). Upon
cooling, the entire substrate was immersed in an acetone bath (30 min) to
dissolve the MCE membrane. After a further two baths in clean acetone the bare
SWCNT film was left on the gold coated glass substrate.

Sensitising the SWCNT photocathodes: Finally, SWCNT photocathodes were
sensitised with InP/ZnS NCs by doing 5 sequential depositions of NCs by drop
casing, allowing the solvent (hexane) to evaporate in-between depositions. The
NC sensitised photocathodes were gently washed with DI water to remove any
unbound particulates from the surface.

Current density measurements: The SWCNT photocathodes had an area of 1 cm?
and were illuminated with 100 mW cm™ of light from a xenon-arc source passing
through an AM1.5G filter (Abet Technologies) at ambient temperature. The plane
of illumination was calibrated with a monocrystalline silicon reference cell
(91150V, Newport). Spectro-electrochemical measurements were carried out
using a PG 310 potentiostat (HEKA Electronics). Current density measurements
were performed using a Teflon photoelectrochemical cell consisting of a Pt
counter electrode, a Ag/AgCl 3M KCI reference electrode and a SWCNT working
photocathode. Photocathodes were illuminated with light-dark cycles of 30
seconds for 5 minutes.

Results
Spectroscopy of InP/ZnS NCs

InP/ZnS NCs were prepared by a method previously described.”® InP
NCs were shelled with ZnS to increase the stability and quantum yield.
The resulting core-shell NCs were characterized using optical absorption
and photoluminescence (PL) spectroscopies. Figure 2 shows the
absorbance and emission spectra. The absorbance spectrum shows an
excitonic peak at 472 nm, whilst the emission spectrum shows a strong
peak at 575 nm, with full width at half maximum (FWHM) of 90 nm.*®**
Where appropriate, the PL measurements were carefully controlled
using an integrating sphere. Under these controlled conditions, the PL
quantum vyield of the InP core NCs was calculated to be 13 %, and this
was increased to 21 % after shelling with ZnS. The PL lifetimes of the
NCs were fitted with a stretched exponential®® (Equation 1) and
calculated to be 58 + 0.38 ns, B 0.88 + 0.06. These values were
consistent with our previous report for InP/ZnS NCs showing similar
optical properties.®® Figure S1 of the Supporting Information (SI) shows
the absorption and PL spectroscopy of the bare InP core NCs. The
values obtained from the measurements of both the core and the core-
shell structures are tabulated in Table S1 of the SI. To help clarify the
physical properties of the InP/ZnS NCs, the band gap was calculated
from the emission spectra to be ~ 2.10 eV and this was further verified
from the Tauc plot of the absorption, inset in Figure 2. This was
important in order to help describe the charge transfer pathway from
the SWCNTSs to the NCs as described in Figure 1.

1 =1y + Aexp (‘Tt) B (Equation1)

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Absorbance (dashed line) and emission (solid
line) spectra for INP/ZnS NCs. The inset shows a Tauc
plot absorption spectrum for band gap estimation.

TEM and SEM

Figure 3 shows transmission electron microscope (TEM) images of
InP/ZnS NCs. The NCs were found to have an average particle size of
2.40 + 0.80 nm, which is consistent with our previous reports for
INP/ZnS NCs.*®*® Particle sizes were calculated using ImageJ software
and verified by dynamic light scattering. Figure S2 in the SI shows the
particle size frequency distribution and hydrodynamic diameters from
DLS. Figure 3 (a) shows the NCs to have a narrow particle size
distribution and slightly irregular shape tending towards spherical.
HRTEM confirming the size of the InP/ZnS NCs is shown in Figure 3 (b).
For further analysis, ZnS shelling of the InP NCs was characterized using
X-Ray diffraction (XRD). Figure S3 in the SI shows the XRD patterns for
INP/ZnS NCs consistent with the cubic crystal structure of ZnS.>*

Scanning electron microscope (SEM) images of the SWCNT
photocathodes illustrate good overall surface coverage (Figure 3 (c)) as
well as allowing estimation of the size of the bundles to be ~40 nm
(Figure 3 (d)). The SWCNTs are randomly distributed and highly
interwoven to form a nanoporous network that provides both a high
surface area to support the NCs, as well as easy access to interior
spaces allowing for fast electrolyte diffusion. HRTEM of the SWCNTs
was carried out to allow measurement the lattice spacing (Figure 3 (d),
inset, with full scale image in Figure S4) which was found to be 0.34 nm
consistent with previous reports.55

J. Name., 2013, 00, 1-3 | 3
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Figure 3. (a) TEM image of InP/ZnS NCs, (b) HRTEM of InP/ZnS NCs,
(c) SEM showing overview of SWCNT photocathodes, (d) magnified
SEM showing the network of SWCNTs. The inset shows the lattice
fringes of the SWCNTs as measured with TEM.

XPS and ToF-SIMS
Figure 4 shows the X-Ray photoelectron spectroscopy (XPS)
measurements, which were performed to study the chemical state of
the InP/ZnS NCs bound to SWCNT photocathodes. The full survey
spectrum is shown in Figure 4 (a) indicating the presence of indium,
phosphorus, zinc, sulfur, oxygen and carbon. The atomic compositions
are shown in the inset of Figure 4 (a) and are consistent with previous
reports of InP/ZnS NCs.>® The In 3d peaks are shown in Figure 4 (b), with
In 3ds/, and In 3dy,; at 445 eV and 452.6 eV respectively. The In 3d
peaks show a spin-orbit splitting of 7.6 eV which, from previous
reports,*®’ is indicative of In (Ill). The Zn 2p spectrum is shown in
Figure 4 (c), and is split into Zn 2p3/, (1021.8 eV) and Zn 2p (1044.9 eV)
peaks with a separation of 23.1 eV. This can be assigned to Zn (Il), again
consistent with previous reports.”®*® Figure 4 (d) shows the S 2p
spectrum, where the fit result suggests a single sulfur environment,
being consistent with ZnS, with S 2ps/, located at a binding energy of
162.1ev.7*°

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) provided an
alternative verification of the presence of InP/ZnS in the SWCNT
photocathode and the depth profile implied by the variation of the
counts with sputter time indicates the NCs are rich in Zn ions close to
the surface (Figure S5 of the SI).
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Figure 4. XPS representing the (a) Survey spectra of InP/ZnS NCs, (b)
high resolution of In 3d, (c) Zn 2p and (d) S 2p spectra.

Photo-electrochemical measurements

To investigate the photocatalytic activity of the SWCNT thin films, the
photocurrent density as a function of time was recorded using a three-
electrode system and the results are shown in Figure 5. The system
consisted of a Ag|AgCl reference electrode, Pt counter electrode and
phosphate-buffered saline (PBS) electrolyte. No external bias was
applied between the working and reference electrode for the
measurements (an applied potential of 0 V). Figure 5 shows light-dark
cycles over a period of 5 minutes and shows a light-generated current
over 30 second intervals. Bare SWCNT films (black line) produced a
cathodic photocurrent density of 0.2 pA cm™ under AM 1.5 conditions,
confirming the p-type conductivity of the electrode. After sensitisation
with InP/ZnS NCs, the maximum current density was increased to 0.7
HA cm™. Therefore, SWCNT films sensitised with InP/ZnS NCs improved
the current density by a factor of 3.5. As a control, our previous work
described an InP sensitised gold photocathode,’ which illustrated
photocurrents of 0.1 pA cm™, significantly lower than the work
described here.

In order to test the stability of our NC-sensitised SWCNT
photoelectrodes, additional measurements were performed over 1
hour (Figure S6, Sl). During this period, light-dark cycles with 5-minute
intervals show a consistent photocurrent of the sensitised SWCNT
nanophotocathodes. While some drift is present, our system illustrates
minimal photocurrent degradation of the NCs over the 1 hour time
period. Our results demonstrate that a nanophotocathode can be
fabricated from SWCNTs and adding InP/ZnS NCs can enhance its
performance. Similar systems have been reported to produce hydrogen
(H,) gas from water electrolysis, however no H, was detected and this
was attributed to the low current density.

This journal is © The Royal Society of Chemistry 20xx
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Further work will focus on improving the experimental setup to allow
quantitative assessment of the electrode performance.
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Figure 5. Current density vs time measurements for SWCNTSs with (red)
and without (black) InP/ZnS NCs. Measurements for light-dark generated
cycles are shown over 5 minutes with 30 second intervals.

Conclusions

This work shows that InP/ZnS NCs can be used as sensitisers for SWCNT
photocathodes. The addition of the NCs to the surface of the nanotubes
improves the light harvesting capability of SWCNT photocathodes by
350%. The NCs and composite photocathodes were characterized using
spectroscopy, TEM, SEM, XRD, XPS, ToF-SIMS and spectro-
electrochemical measurements. It was found that the SWCNT
photocathodes sensitised with InP/ZnS NCs achieved a current density
of 0.70 pA cm™ compared to 0.2 pA cm™ without the NCs.
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